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Abstract 
The wear process in three-body contact causes problems of abrasion such as 
volume loss and changes of geometry of the triboelements. The wear problem leads to 
increased failure and high costs for repairing or replacing equipment. To understand the 
nature of the wear behaviour and to predict the wear rate in advance, experimental 
investigation and numerical simulation of the wear process are required. 
In this work, the wear process is analysed and the influencing parameters governing 
the wear behaviour are investigated experimentally to develop a new wear model. Main 
influential factors are considered such as kinematics of abrasive particles, contact 
stiffness of the particle layer, friction characteristics, and wear factors. The experiments 
to study kinematics of particle layers are performed on a new observation tester. To 
define the contact stiffness of abrasive particles, experiments are conducted by the 
uniaxial spindle compression tester. Moreover, a tribometer test rig with applied load up 
to 200 N and velocity up to 1000 mm/s is used to investigate the friction characteristics 
and the wear behaviour of three-body tribosystem. 
Analyses of influential factors on the wear behaviour in dependency of predefined 
process parameter are carried out. Additionally, based on the results of the experimental 
investigations, approximation equations representing the relation of the influential 
factors and the process parameters are determined. A three-body wear model is build up 
to represent the wear behaviour by physical wear laws. Furthermore, these 
approximation equations and the relevant parameters obtained by experimental 
investigations are included in the Fleischer’s wear equation to simulate the wear 
process. 
With the coupled model the wear process of the sample can be simulated two-
dimensional over the sliding distance. It is possible to predict the wear depth and the 
wear intensity, which can be used to estimate the wear rate. Additionally, from the 
results of the wear simulation the worn surface and the local contact pressure in the 
contact region are determined which provide a deeper insight into the wear process. 
With this simulation the understanding of the wear behaviour can be improved which is 
important to solve wear problems. 
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CHAPTER 1 
Introduction 
1.1 Problem statement 
In fact, problems due to abrasive wear cause increases of annual expenditure 
for industry by replacing or repairing of equipment that is worn. The wear problem of 
this equipment results in changes of performance and operating function such as 
durability and reliability. The effect of abrasion is particularly evident in technical 
applications of agriculture, mining, mineral processing, and earth moving, as reported 
by Moore (1978), Al-ameen et al. (1993), Moreton and Yardley (1980), and Misra 
and Finnie (1980).  
There are two conditions of studying wear in general engineering applications 
in which the abrasive applications are considered. One condition is to resolve wear 
problems with unacceptable wear life occurring in the equipment. The goal in this 
situation is to reduce the wear significantly to obtain an acceptable wear life. The 
other condition is to select and establish a design that will achieve a minimum wear. 
The difference between solving wear problem and wear design lies in the wear 
analysis method. For the problem solving, the focus lies on possible understanding of 
the critical wear behaviour. In the design development, the concentration is to 
improve a modified or new design.  
Since large-scale engineering applications have many wear problems in the 
field of tribology, abrasion is of special interest. Problems due to abrasion get more 
and more attention of researcher, especially in technical applications of machining, as 
grinding, milling and drilling machines, abrasive flow machining, and mining 
machinery like dozers, excavator and drilling machinery. In operating conditions of 
equipment, the contacting surfaces of machine components change over time due to 
the abrasion, which leads to increasing wear failures and high cost. Therefore, wear is 
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often a major factor of defining the working life and reliability of the equipment, as 
mentioned by Moore (1978). 
Wear failures occur due to a progressive loss of material and in changes of the 
contacting surface profiles. This leads to changes in geometry or residual thickness, 
surface profile and roughness. The  specific  nature  of  failure conditions by wear, in  
general,  is  an  important  factor  in  resolving  or  avoiding  wear, refer to Bayer 
(2002) and Al-ameen et al. (1993).  
To predict the abrasive wear in general, analytical, numerical, and experimental 
research methods have been used for many years to study the abrasive process 
occurring in two and three body abrasion as done by Williams (1997), Rigney (1998), 
Rabinowicz, Dunn and Russell (1961), Misra and Finnie (1980), and Gates (1998). 
The abrasive wear is a complex process due to the dependencies on many parameters 
and on the environment of the machines. For designing machines beside performance 
and durability requirements, also wear mechanisms have to be considered. Therefore, 
improved insight of the complex nature of wear processes is required for studying 
abrasion. In tribology, common types of abrasion tests are to press a sample against a 
rotating disc in the presence of a continuous supply of free abrasive particles, so 
called ‘‘three-body contact’’, or in the absence of abrasive particles,  so called ‘‘two-
body contact’’ as explained by Hutchings, Gee and Santner (2006). The schematic 
representation of wear test rig for three-body contact is described in Figure 1.1 a).  
Sample
Force sensor
F n
Abrasive particles
Wear path
Disc
Initial surface Worn surface 
Sample
a) b)
Rotating disc
 
Figure 1.1: Schematic model of abrasion in three-body contact a) and surface of both 
rotating disc and sample before and after abrasion b) 
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Figure 1.2: Schematic representation of three-body tribosystem 
In three-body abrasion, the wear occurs on both surfaces of sample and rotating 
disc, as shown in Figure 1.1 b). Many factors affect the magnitude of wear like 
normal pressure, relative velocity of the disc, surface roughness, material property, 
movement of abrasive particles, contact stiffness of particle layers and friction 
characteristics. The large wear intensity often leads to changes of operating 
equipment such as changes in mechanical strength or unwanted friction induced self-
excited vibrations. The schematic model in Figure 1.2 describes the three-body 
tribosystem under consideration of its complex interactions. 
1.2 Objective of this work 
The broad objective of this study is to examine the wear behaviour and to predict 
the wear process in a three-body tribosystem. Depicting interrelation of process 
conditions and wear behaviour will enable  both  the  prediction  of  the  durability  of  
machine components  in  a  particular application  and the  development  of  methods  
to reduce the  abrasive  wear  of  critical components.  
This study is subdivided in experimental investigation of three-body tribosystem 
and numerical wear simulation. Figure 1.3 presents the outline of the research 
approach of this study. 
In this research work, the complex abrasive wear problem is divided into smaller 
sub-problems. These smaller problems are analysed experimentally and results are 
discussed with respect to each other. Furthermore, a new model describing the wear 
behaviour in three-body contact is developed. The numerical method, afterwards, is 
applied to simulate the wear process of three-body abrasion system with a two-
dimensional model.  
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Figure 1.3: Schematic outline of experimental and numerical studies on the three-
body tribosystem 
Aims of this study are proposed as follows  
 To build up a new observation tester and to investigate the kinematics of 
abrasive particles in three-body contact experimentally.  
 To select and modify the uniaxial compression tester to study the contact 
stiffness of particle layers.  
 To modify and develop the structure of the tribometer test-rig to investigate 
friction characteristics in a wide range of normal pressure and sliding velocity 
in three-body contact. 
 To investigate the wear process for steel and aluminium materials 
experimentally. 
 To develop a new model of wear process in three-body contact. 
 To simulate the wear process with a two-dimensional model and to compare 
results with experiments. 
1.3 Structure of the dissertation 
The dissertation contains results of research work, which is subdivided as 
follows. 
The second chapter reviews the concepts, methodologies of previous published 
research related to this work. The review provides a comprehensive understanding of 
important aspects of wear behavior concerning particle movement, contact stiffness 
of abrasive particles, friction characteristic and wear mechanism. 
Three-body tribosystem
Kinematics of abrasive particles Contact stiffness of particle layers Friction characteristic 
Abrasive wear process
Module 1 Module 2 Module 3
Module 4
Simulation Experiment
ExperimentExperiment Experiment
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The third chapter presents experimental investigation of kinematics of abrasive 
particles. The movement of many particles in three-body contact is examined by a 
new observation tester. The focus of this chapter lies on the relation of particle 
kinematics with normal load, velocity, size and amount of particles which affect the 
wear behaviour. 
The fourth chapter concentrates on studying the contact stiffness of abrasive 
particle layer experimentally. Uniaxial compression test method is proposed to 
investigate the stress-strain behaviour of abrasive particles. Approximation functions 
of the contact stiffness depending on the normal pressure and on the initial thickness 
of the abrasive layers are defined.  
The fifth chapter focuses on investigation of the friction characteristic and the 
wear behavior for both steel and aluminum materials experimentally. 
The sixth chapter presents a model of three-body wear using the numerical 
discrete method to simulate the wear process in three-body contact. Comparison 
between experimental and numerical results verifies the model.    
The seventh chapter gives conclusions and recommendations. The main 
contributions are summarized and recommendations are given. 
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CHAPTER 2 
State of the Art 
2.1 Fundamental Tribology 
Tribology is a branch of mechanical engineering and material science, which is 
defined as the science and technology of interacting surface with relative motion. The 
main topics in the field of tribology are wear, friction and lubrication, as referred by 
Kragelsky and Alisin (2001), Bowden (1986) and Goryacheva (1998a). 
Consequently, it is essential to review the general knowledge of tribological 
behaviour and basic concept, which are helpful to provide a comprehensive 
understanding of significant aspects of tribology. This section presents a brief 
summary of the general conception concerning wear, friction and lubrication, as 
illustrated in Figure 2.1.  
Wear is generally defined as a process of mechanical actions due to relative 
motion between the contacting surfaces, resulting in progressive loss of material as a 
result of its fracture from these surfaces, as mentioned by Czichos and Habig (2010) 
and Hutchings et al. (2006).  
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Figure 2.1: Schematic outline of main research branches in the field of tribology 
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The wear behaviour depends on mechanical interaction, relative motion between 
the contacting surfaces and mechanical contact between asperities. The wear 
mechanism is referred to the deformation and removal of material on the surface as a 
result of mechanical interactions, as mentioned by Hutchings et al. (2006), 
Goryacheva (1998a), Popov (2010) and Kragelsky and Alisin (2001).  
Friction is defined as the force resisting the relative motion of solid surfaces, 
particle layers and fluid layers under the action of an external force when one surface 
moves relative to another. The friction coefficient as the relation of friction force and 
normal force is commonly used to describe friction characteristics between 
contacting bodies of tribosystem. In general, the friction between contacting surfaces 
transforms kinetic energy into heat whenever motion with friction occurs, as referred 
by Kragelsky and Alisin (2001), Fleischer (1980) and Menezes et al. (2013). 
Therefore, the influence of the friction on wear behaviour reveals that with increased 
heat the plastic deformation of asperities of the contacting surfaces increases resulting 
often in an increase of the material removal. On the other hand, the increasing 
amount of heat leads to a degradation of the lubricant properties of the viscous fluid 
layer between the sliding surfaces. This leads to a decrease of performance and an 
increase of damage to triboelements. Additionally, the friction characteristics 
influence operating conditions of the tribosystem because the friction can induce by 
self-excited vibrations. Based on these topics above, the friction represents significant 
aspects of the tribological behaviour of materials. 
Lubrication is generally defined as the process which is usually applied to 
reduce friction and wear for interacting surfaces. The lubricant film is characterized 
as an intermediate layer between two contacting surfaces in relative motion. In fact, 
there are many different substances which can be used to lubricate surfaces, e.g. 
solid, liquid, mixed solid-liquid, or even gas, as mentioned by Mang, Bobzin and 
Bartels (2011) and Czichos and Habig (2010). In general, there are three distinct 
regimes of lubrication which are determined by the thickness of the fluid film such as 
fluid film lubrication, mixed lubrication, and boundary lubrication, see Figure 2.2.  
Fluid film lubrication (h >> 2·RZ) is the lubrication regime if two contacting 
surfaces are completely separated by a lubricant film layer. Therefore, the thickness h 
of the lubricant film is thicker than the average surface roughness Rz of two 
contacting surfaces.  
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Figure 2.2: Regimes of fluid film lubrication a), boundary lubrication b) and mixed 
lubrication c) 
Boundary lubrication (h << 2·RZ) occurs if the highest asperities of surfaces 
contact directly each other. This regime is characterized by high coefficient of 
friction, high heat and increased wear due to localized pressure peaks. 
 Mixed lubrication (h ≈ RZ) is the intermediate regime between the boundary 
lubrication and the fluid film lubrication. In this regime, an intermittent contact 
between the friction surfaces at few highest surface asperities occurs.  
In the field of tribology, the study of wear is dominant branch over the past 
decades because a wide range of technical applications with contacts are required in 
many different areas of industry. Although point of view and understanding of wear 
has complemented over time, the fundamental concepts originally used in the 
classification of wear mechanisms are still valid. 
In general, some common types of wear, classified by specific wear mechanisms 
or processes, comprise abrasive wear, adhesive wear, fatigue wear, and corrosive 
wear, as referred by Rabinowicz and Mutis (1965), Bayer (2002), Czichos and Habig 
(2010) and Bowden (1986), see Figure 2.1. The significant conceptions describing 
the characterization of various kinds of wear are presented in this section to provide a 
general overview of wear behaviour.  
2.1.1 Abrasive wear 
Abrasive wear is commonly defined as a process. It occurs if two solid surfaces 
are pressed together and move along each other, causing material removal from the 
contacting surfaces. 
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Figure 2.3: Schematic representation of two-body a) and three-body contact b) 
In general, abrasive wear is classified by the type of mechanical interaction 
between solid bodies, which are known as two-body and three-body contact, as 
mentioned by Rabinowicz and Mutis (1965), Bayer (2002), Czichos (2010) and 
Misra and Finnie (1980). These typical modes of abrasive wear are distinguished by 
the presence or absence of hard particles and their motion behaviour in the contact 
region, as illustrated in Figure 2.3.  
Two-body abrasive wear describes as two possible cases. First, two sliding 
bodies contact each other directly, and the occurrence of the particles in the contact 
region is not important. Therefore, in this case the material removal of one surface is 
caused by the asperities of the opposite surface. Second, hard particles are present in 
the contact region, and the abrasive particles are attached to one of the sliding bodies, 
or embedded in one surface, these particles slide across the other surface. 
Consequently, material is removed or displaced from the body by the sliding of 
abrasive particles. 
Three-body abrasive wear is defined as the unconstrained movement of abrasive 
particles in the contact region between the sliding bodies, so particles are free to roll, 
rotate and slide. This causes various interactions between particles as well as the 
relative motion between particles and the two sliding bodies. Therefore, the wear 
mechanism in three-body contact is more complex than in two-body contact.  
2.1.2 Adhesive wear 
Adhesive wear is generally described as two solid bodies are pressed together 
and slide over each other. Under the applied load, the asperities of two contacting 
surfaces are subjected to localized pressure causing high temperature in the contact 
region, so they deform and stick to each other. If the surfaces move relative to each 
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other, material is transferred from one surface to another during sliding process. 
Therefore, results of adhesive wear are a growing roughness and development of 
protrusions on the interacting surfaces, as mentioned by Czichos and Habig (2010) 
and Mang et al. (2011). The main influential factors causing the decrease of adhesive 
wear include low applied load, hard abrading materials and presence of lubrication.  
2.1.3   Fatigue wear 
Fatigue wear is defined as a process by which the surface layer is subjected to 
cyclic loading during friction, so microcracks are created on or inside the surface. 
Consequently, these microcracks are developed and propagated, which results in 
pieces of the surface material being removed or delaminated if the stresses are higher 
than the fatigue strength of the material, as referred by Menezes et al. (2013).  
 Surface fatigue can also occur as a result of severe plastic deformation. Because 
two solid bodies are pressed by cyclic loading, asperities in contact are subjected to 
high local stress, and repeated during sliding or rolling with or without lubrication. 
The result of repeated and alternating compression-tension stresses leads to increases 
of fatigue wear. 
One of the types of the fatigue wear is fretting wear caused by a large number 
of cyclic sliding with small amplitude between contacting surfaces. Over a period of 
time the surface layer will be removed from one or both surfaces in contact. 
Amplitude of wear and surface damage for the fretting wear is much greater than for 
the usual fatigue wear and the abrasive wear because of the larger interactions 
resulting in an increase of wear. 
2.1.4  Erosive wear 
Erosive wear is often described as an extremely short sliding motion and occurs 
within a short time interval. Therefore, the erosive wear is caused by the impact of 
solid particles against the surface of an object. The impacting particles gradually 
remove material from the surface through repeated deformations and cutting actions, 
as mentioned by Mang et al. (2011) and Czichos and Habig (2010). 
The rate of erosive wear depends on a number of factors such as the material 
properties of particles, the particle shape, the hardness of worn surface, the impact 
velocity and the impingement angle. However, the impingement angle is one of the 
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most important factors governing fragments of materials from the surface, as 
mentioned by Winter and Hutchings (1974) and Bitter (1963). 
Based on the overview of tribology as well as basic knowledge of wear, this 
chapter reviews research methods and published results focussing on the abrasive 
wear of two-body and three-body contact. In the literature, two different approaches, 
used commonly in studies of the abrasive wear of tribosystem, are experimental 
research and numerical simulation. Therefore, both experimental investigation and 
numerical simulation for studying wear will be presented, as illustrated in Figure 2.4. 
The abrasive wear of tribosystem depends on several factors, e.g. process 
parameters, geometry of the tribosystem, material properties and test configuration. 
Moreover, the wear process of triboelements is influenced by the friction 
characteristics. To interpret the nature of abrasive wear and to reduce the abrasive 
wear, the experimental investigation is most common method which is normally used 
to examine the wear behaviour, the friction characteristic and the worn surface. 
Additionally, the numerical methods are usually applied to simulate the wear process 
and the contact pressure.  
Wear simulation
Experimental investigation
Two-body contact Three-body contact
Wear of tribosystem
Process parameters: 
Geometry of tribosystem
Material properties:
- triboelements
- abrasive particles
F ; v; abrading time
n
Input parameters
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- wear depth;
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Contact stiffness
Kinematics of particles 
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Contact pressure
- wear intensity
Va
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Figure 2.4: Block diagram for studying abrasive wear of tribosystem 
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2.2 Experimental Investigation  
2.2.1 Friction characteristic 
Friction represents one key factor of the tribological behaviour of materials, 
which affects the wear process causing different wear mechanisms. Therefore, 
friction characteristic of the tribosystem is an area of great interest to scientists over 
past decades, as done by Misra and Finnie (1983), Stevenson and Hutchings (1996), 
Dube and Hutchings (1999), Yousif, Nirmal and Wong (2010), Chowdhury et al. 
(2011), Abdul Hamid, Stachowiak and Syahrullail (2012), Muhammad Nuruzzaman 
and Asaduzzaman Chowdhury (2012) and Chowdhury and Nuruzzaman (2013) . The 
published research has mainly focused on investigations of relations between friction 
coefficient and process parameters as well as material properties.     
Misra and Finnie (1983) conducted three-body abrasion tests and showed that the 
friction coefficient of tribosystem increases slightly with increasing applied load, and 
it reaches a constant value of about 0.25 if the applied load increases up to 5 N. They 
suggested that the friction coefficient of two-body abrasion is often greater than of 
three-body abrasion due to coexistence of both rolling and sliding particles in three-
body contact.  
The influence of particle shape and material hardness on the coefficient of 
friction were studied by Stevenson and Hutchings (1996) and Dube and Hutchings 
(1999). High and low stress abrasive wear tests were carried out by a steel specimen 
sliding against a rubber wheel with the presence of sand particles in the contact 
region. The results reported that the friction coefficient depends on the material 
hardness. With increasing hardness the coefficients of friction decreases and it is 
between 0.1 and 0.2 for the high stress tests, and between 0.3 and. 0.5 for the low 
stress tests. Additionally, the friction coefficient with the sharp angular particles was 
always slightly higher than for the rounded particles. 
Yousif et al. (2010) carried out three-body abrasion tests of a new epoxy 
composite specimen sliding against a stainless steel counterface with the presence of 
abrasive particles. The influence of different particle sizes and various sliding 
velocities at constant applied load of 5 N on the friction characteristics was 
investigated. The results showed that the friction coefficient increases if the particle 
size increases whereas the friction coefficient decreases with increasing velocity.  
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Doan, de Payrebrune and Kröger (2011) and Doan, de Payrebrune and Kröger 
(2012) studied the dependency of the friction coefficient on the process parameters.  
A series of experiments for two-body and three-body contact was conducted on the 
tribometer test rig with the applied load up to 1500 N and the velocity up to 700 
mm/s, as illustrated in Figure 2.3 a) and b). The results indicated that the friction 
coefficient decreases if the velocity increases. The mean value of the friction 
coefficient for two-body contact is approximately 0.5 and the friction coefficient of 
two-body contact is higher than that of three-body contact.  
Abdul Hamid et al. (2012) and Ostermeyer (2001) investigated the effect of hard 
particles on the friction characteristics of the braking system. The abrasion tests were 
performed on a brake test rig under test conditions of two-body contact without hard 
particles and of three-body contact with the presence of mixed particles and the wear 
debris. The significant results showed that if the particles present in the contact zone 
between the brake pad and the rotating disc, the friction coefficient is reduced in 
comparison with the case without the particles. The hard particles result in decrease 
of the original effective contact area at the sliding interface due to the presence of 
particles and wear debris. Therefore, the abrasive particles cause a decrease of the 
coefficient of friction as a result of various motions of the abrasive particles. The 
friction coefficient depends on applied load and velocity. If pressure increases the 
coefficient of friction increases as well. 
Chowdhury and Nuruzzaman (2013), Muhammad Nuruzzaman and 
Asaduzzaman Chowdhury (2012), and Chowdhury et al. (2011) investigated the 
effect of process parameters on the friction coefficient of different materials as steel, 
aluminium and copper. Experiments were conducted on a pin on disc apparatus under 
test conditions of two-body contact. The significant results showed that the friction 
coefficient increases if the sliding distance increases during initial abrading time and 
after that it was constant. Moreover, the magnitude of friction coefficient is different 
for various material pairs of the pin and the disc. With increasing material hardness, 
the coefficient of friction decreases and the coefficient of friction for mild materials is 
about 0.5. Additionally, the friction coefficient increases with the increase in normal 
load and sliding velocity.  
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2.2.2 Abrasive wear of tribosystem 
As discussed in Section 2.1.1, abrasive wear is often described as the material 
removal from the surface of triboelements under test conditions in two-body contact 
or three-body contact. Therefore, wear is usually defined in terms of the volume loss, 
the mass loss, or the change in dimensions. All three quantified values of wear can be 
used as primary measurements. However, measurement of the mass loss is in 
principle comparatively straightforward, so it is commonly used to investigate the 
wear behaviour. 
To quantify the wear amount in practical engineering applications, the amount of 
wear can be determined by a direct calculation based on the mass loss, volume loss or 
dimensional change. On the other hand, the abrasive wear can be defined by an 
indirect calculation such as wear resistance, wear rate, wear coefficient or specific 
wear rate and wear intensity, as referred by Hutchings et al. (2006), Bayer (2002), 
Heinrich (1995) and Czichos (2010). A summary of calculation unit of the abrasive 
wear is listed in Table 2.1.  
Table 2.1: Summary of calculation unit of abrasive wear 
Wear amount Mass loss 
[g] 
Volume loss 
[mm3] 
Dimensional 
change 
[mm] 
wear resistance =  
(1/wear amount) 
[g-1] [mm-3] [mm-1] 
Wear rate = 
 (amount wear/abrading time ) 
[g s-1] [mm3 s-1] [mm s-1] 
Wear rate = 
 (amount wear/sliding distance) 
[g m-1] [mm3 m-1] [mm m-1] 
Wear coefficient = 
 (wear rate /normal force) 
[g s-1 N-1, 
    g m-1 N-1] 
[mm3 s-1 N-1, 
      mm3 m-1 N-1] 
[mm s-1 N-1, 
     mm m-1 N-1] 
Wear intensity [-] = (mass loss [g]/nominal area [mm2]/ 
                               /material density [g mm-3]/sliding distance [mm]) 
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In general, the amount of wear is calculated by the mass loss which depends on 
the sliding distance or the abrading time. Consequently, the total wear increases with 
increasing abrading time. The wear rate can then be defined as the material loss or the 
dimensional change per unit time, or per unit sliding distance. Additionally, the wear 
coefficient or specific wear rate, representing e.g. the volume loss (mm3) and per unit 
sliding distance (mm) and per normal load (N), is often used to characterize the wear 
behaviour of materials, as mentioned by Hutchings et al. (2006). In the literature, the 
abrasive wear is also characterized by the wear intensity which is calculated by unit 
wear amount (g) per unit nominal contact area (mm2), per unit density of wear 
materials (g/mm3) and per unit sliding distance (mm), as referred by Heinrich (1995).      
Abrasion of triboelements in two-body and three-body contact has been studied 
by many researchers as done by Meltke (1985), Heinrich (1995), and Wesley, Goyal 
and Harsha (2012). The reported research results were generally concentrated on 
dependencies of wear behaviour of materials on many factors such as process 
parameters, geometry of tribosystem and material properties, as illustrated in    
Figure 2.4.   
Manoharan et al. (2014), Agarwal, Patnaik and Sharma (2013), Suresha et al. 
(2010), Patnaik, Satapathy and Biswas (2010), Patnaik et al. (2010), and Suresha, 
Chandramohan and Mohanram (2009) investigated the wear behaviour of various 
composite materials. Three-body abrasive wear tests were conducted on a rubber 
wheel abrasion tester (RWAT) by varying factors such as composite material 
properties, abrasive particle size, normal load, sliding distance and velocity. The 
results showed that the volume wear increases if the abrading time increases. 
Additionally, the wear rate decreases with the increase in sliding velocity whereas the 
wear rate (mm3·N-1·m-1) increases if the applied load increases. Moreover, the wear 
rate decreases if the sliding distance increases.   
The influence of the particle size and the velocity on the abrasive wear behaviour 
of composite materials in three-body contact have been investigated by Yousif et al. 
(2010). The significant results reported that with increasing velocity the wear rate 
(mm3·N-1·m-1) increases as well. The influence of the particle size on the specific 
wear rate revealed that the wear rate increases if the size of abrasive particles 
increases.  
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Chowdhury and Nuruzzaman (2013), Demirel and Muratoglu (2011), and 
Chowdhury et al. (2011) studied the influence of applied load and velocity on the 
wear behaviour of different materials such as steel, aluminium and composite 
material. Experiments in two-body contact were carried out using a pin on disc 
apparatus. Experimental results showed that the wear rate (g/m) increases with the 
increase of sliding speed and normal load. Also, it has been found that the wear rate 
decreases if the material hardness increases. 
Additionally, the effect of various parameters on the wear rate in two-body and 
three-body abrasive wear has been investigated by Dube and Hutchings (1999), Xie 
and Bhushan (1996), Stevenson and Hutchings (1996), Das et al. (1993), Fang, Zhou 
and Li (1991) and Misra and Finnie (1983). Experimental results reported that the 
wear rate depends on the applied load, the velocity, the sliding distance, the material 
properties of triboelements and the abrasive particles. In almost all cases, results 
showed that with increasing applied load the wear rate increases. Additionally, the 
wear rate decreases if the hardness of wear materials increases, however the 
dependency of the wear rate on the material hardness is in this work not focused. 
Also, the magnitude of the wear rate of three-body abrasion is smaller than of two-
body abrasion in the most applications. 
2.2.3 Contact stiffness 
Abrasive wear of triboelements in two-body contact and three-body contact 
depends strongly on the interaction of contacting bodies and changes in contact 
characteristics during the wear process. If two rough surfaces are pressed by the 
applied load, these surfaces will deform in the vicinity of the opposing top peaks. In 
general, the actual deformation process of contacting surfaces can be characterized by 
the contact stiffness depending on the applied load and the material properties. 
Additionally, the stress-strain relation in the contact region of solid bodies is defined 
as a function depending on surface profiles, material properties and loading 
conditions, as referred by Goryacheva (1998a). Therefore, the contact stiffness of 
contacting surfaces and granular materials are briefly reviewed in this section. This 
will be helpful to get insight into various approaches towards contact mechanics for 
elastic solids with randomly rough surfaces. 
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Shi and Polycarpou (2005) suggested an experimental method to measure the 
contact stiffness, contact damping of Hertz spherical and rough flat surfaces in 
contact. The influence of surface roughness, lubricant and wear debris on the contact 
stiffness was studies experimentally. Furthermore, results of contact stiffness values 
measured by experiments for both Hertz and flat surfaces were compared with 
theoretical calculations based on rough Hertz and rough flat contacting surfaces. The 
critical results reported that contact stiffness for flat surfaces in contact is lower than 
for Hertz contacts, which is in agreement with theoretical predictions. Further, with 
increasing surface roughness the contact stiffness decreases for both Hertz contact 
and flat surfaces. Additionally, the contact stiffness nonlinearly increases with 
increasing contact load, which is represented as nonlinear spring. The effects of 
lubricant and wear debris on the contact stiffness showed that both the occurrence of 
lubricant and wear debris significantly decrease the contact stiffness. 
To describe the non-linear contact mechanics between tread block and road 
surface, Kröger, Moldenhauer and Gäbel (2007) investigated experimentally the 
contact stiffness CN of a rubber block in contact the rough road surface. The 
experimental results reported that with increasing real contact area the contact 
stiffness increases, which depends on the applied load and the displacement of the 
contacting bodies. The contact stiffness between a tread block and different surfaces 
was determined based on the normal force-displacement relation FN(sN). Moreover, to 
characterize the contact behaviour between the rubber and the rough surface, the non-
linear stiffness represented by non-linear springs was used to describe the rough 
surface in the simulation as perfectly smooth for friction and wear calculation. 
The contact stiffness of two solid bodies in two-body contact is significantly 
different to the contact stiffness of granular materials in three-body contact due to the 
various mechanical interactions between particles as well as between particle and 
contacting surfaces. The contact stiffness of the particle layer depends on many 
factors such as porosity, density, particle distribution, particle elasticity or plasticity 
and breakage behaviour, as mentioned by Omidvar, Iskander and Bless (2012). 
Sergiy et al. (2010) studied the contact stiffness of a spherical granule which gets 
compressed between two plates. The contact stiffness was defined based on the 
relation of the normal forces and the displacement which was measured by single 
particle compression tests. They proposed also theoretical approaches to study 
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characteristics of contact deformation of soft spherical granules in contact with two 
smooth surfaces. The contact stiffness of various material models such as elastic, 
elastic-plastic and perfectly plastic contact deformation were studied. A contact 
model describing the force-displacement relation of elastic-plastic granules was 
developed based on study of the elastic compression behaviour of granules described 
by Hertz theory.  
The influence of material properties, loading-unloading behaviour of granules 
and number of compressive cycles on the force-displacement relation was examined 
experimentally by compression tests of a granular particle.  
The significant results showed that the contact stiffness of granules increases 
with increasing displacement in both the elastic and the elastic-plastic material 
model. Moreover, if the granule diameter increases the contact stiffness increases as 
well. A model was proposed to describe the increase of the contact stiffness with 
increasing number of compressive cycles due to increase of the initial contact area. 
Also, the cyclic tests showed that hardening of granules only occurs locally in the 
contact range where the maximum pressure acts during the compression. The largest 
compaction of the microstructure occurs in the first cycle due to plastic deformation. 
Omidvar et al. (2012) and Luo et al. (2011) studied the mechanical behaviour of 
dry sand under uniaxial or triaxial confined compression over a wide range of stress 
levels. The influence of strain rate, initial void ratio, confining pressure, saturation, 
shape and size of particles on the stress-strain relation of particle layer under high 
strain rate loading was studied. The results of uniaxial compression and triaxial tests 
showed that the contact stiffness of dry sand significantly increases due to high strain 
rate loading. The influence of confining pressure on stress-strain response and 
volumetric strain of sand layer in triaxial compression under static loading indicated 
that if the confining pressure increases the volumetric strain increases whereas the 
contact stiffness decreases.  
Shao (2005) performed experiments to determine the sand compressive 
behaviour in three-body abrasive wear of rolling bodies. Under testing conditions 
such as the rail-roller and ring-on-ring wear tests, the loading-unloading-reloading 
behaviour and the force-displacement relation of abrasive particles were examined. 
The results showed that the force-displacement relation is nonlinear and the slopes of 
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unloading curves is different to that of loading curve which is explained by the 
rearrangement of abrasive particles and the crushing process. Also, the contact 
stiffness of particle layers increases if the particle density increases which 
corresponds to a decrease of the volumetric strain. 
2.2.4 Kinematics of abrasive particles in three-body abrasion 
As discussed above, beside the dependency of the wear process on the friction 
characteristic of the tribosystem and on the contact stiffness, also the wear behaviour 
depends critically on the nature of the motion of the abrasive particles in the contact 
zone. Therefore, the particle motion of three-body abrasion plays an important role in 
estimating the wear rate of materials because its motion  causes different wear 
mechanisms resulting in a change in wear resistance of materials. The research results 
related to the particle motion reported that two different kinds of the particle motion 
governing the wear behaviour dominate which comprise rolling and sliding, as 
mentioned by Nahvi, Shipway and McCartney (2009), Fang et al. (2009b), Shipway 
(2004), Hutchings and Kusano (2003) and Fang et al. (1993). The movement of 
abrasive particles depends on many parameters of tribosystem such as applied load, 
velocity, abrasive particle properties and material hardness.   
 Fang et al. (1993) and Liang, Xianglong and Qingde (1992) investigated the 
movement pattern of a single abrasive particle in three-body abrasion. A large 
number of experiments were conducted on an observation tester on which various 
motions of a particle was observed and recorded. The experimental results showed 
that two main patterns of particle movement as rolling and sliding were identified. 
The formation of the groove occurs if the particles are embedded into one surface and 
slid relative to other particles. On the other hand, the indentation on the specimen 
surface was found due to the plastic deformation if the particle moved freely in the 
contact zone. It was seen that the sharp corner of the particle was fractured during 
rolling.  
Further, a criterion was proposed to determine the movement patterns of abrasive 
particles. If e/h ≥ µ s the particle slide, otherwise the particle roll if e/h < µ s. Where e 
is the lever arm between both forces Fn causing the indentation on the surface and h is 
the lever arm between both friction forces Fr, as shown in Figure 2.5 b). Further, µ s is 
the friction coefficients for the sliding particle.  
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Figure 2.5: Schematic representation of a spherical particle in contact with a rotating 
sphere and a plane surface a) and a model of forces acting on an abrasive particle in 
the contact b)  
Hutchings and Kusano (2003) studied the interaction between a hard abrasive 
particle and two sliding surfaces. In this model, a spherical abrasive particle of size d 
entrained into the gap between a rotating sphere of radius R and a plane surface, as 
shown in Figure 2.5 a). These authors suggested the critical condition for the 
particles to be entrained into the contact zone, which depends on the friction 
coefficients µ s between the particle and the sphere, and the friction coefficients µp 
between the particle and the plane, particle size and ball radius. The particles entrains 
in the gap if (µ s + µp) and 2µ s are greater than (2d/R)0.5 whereas the particles slide 
against the sphere.  
Additionally, results showed the influence of the particle motion which is a 
significant factor such as the particle size d, the gap height and the hardness H of the 
sliding surfaces, which cause different wear mechanisms. The movement patterns of 
the abrasive particle in the contact zone were identified considering the dependency 
of particle size, particle shape, gap height, and hardness of contacting surfaces. 
Shipway (2004) and Fang et al. (2009b) studied models of the particle motion 
with different shapes in three-body abrasion. A particle is located in contact region 
between two surfaces which are pressed against each other with the load being 
supported by the particle. The research results reported that many factors such as 
friction coefficient of the surfaces, normal load, particle size, particle shape and 
material hardness have a strong effect on the particle motion. Two different kinds of 
particle movement patterns, sliding and rolling, cause various wear mechanisms of 
materials, for example the plastic deformation by rolling particle movement, the 
formation of wear debris by sliding particle movement and the ridge formation by 
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sliding and rolling particle movement, as mentioned by Fang et al. (2009b). In 
addition, the significant results showed that the particle tends to rolling with respect 
to low applied loads and high material hardness whereas the particle tends to sliding 
with high applied loads and low material hardness. The influence of the particle 
shape on the wear behaviour revealed that sharp particles and large particles cause 
increases of sliding particles. In three-body abrasion, additionally, one hard material 
surface paired with one soft material surface result in increases of rolling particles.  
The analysis of the motion of particles in the dry sand-rubber wheel abrasion test 
have been done by Nahvi et al. (2009). The dependence of the movement patterns of 
abrasive particles on the hardness of the sample and the applied load showed that 
with increasing applied load and hardness the number of sliding particles increase as 
well. Additionally, they showed a contact model between the particle and the rubber 
wheel. This is modified based on the model of Fang et al. (1993) to consider the 
effect of increased applied load on the equations describing the particle motion, as 
well as to include the effect of hardness on the particle motion.   
2.3 Wear Simulation 
2.3.1 Simulation procedure 
The experimental methods for the investigation of the wear behaviour, as 
discussed above, are very practical and often useful because the critical parameters 
describing physical effects of the system are usually determined by directly 
measuring their interactions. However, experimental studies have limitations and 
disadvantages because experiments are cost and time consumption and are only valid 
for the tested configurations. Therefore, to reduce the cost and time consumption for 
research as well as to expand the wear prediction of the tribosystem, the numerical 
simulation method is commonly used to investigate the wear behaviour in 
engineering applications.  
The wear behaviour can be modelled and simulated by using the wear equation 
which describes the physical nature of the abrasive wear of the tribosystem. During a 
simulation studies, one or more variables of the wear equation can be changed and 
resulted changes in other variables can be examined. Consequently, the simulation 
results are helpful to gain more insight into the nature of wear, to predict the wear 
behaviour and to optimize the design parameters of the system. 
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In this section, methods for the simulation of wear as well as the significant 
research results previously reported in the literature will be briefly reviewed, which 
are mainly focussed on the wear simulation of triboelements in two-body or three-
body contact. The procedure for the simulation of wear in general is shown in Figure 
2.6, as presented by Bungartz et al. (2013) and Hoffmann and Witterstein (2014).  
It can be seen that the wear simulation is a complex process which consists of a 
sequence of several steps in different loops. The routine of wear simulation comprises 
the main following steps:  
(1) A wear model is developed to represent a real wear problem of the 
tribosystem with its properties. Generally, this model approximates the original 
system, but it is simpler than the system that it represents. The physical nature of 
wear can be included in the model which is represented by the geometric model, the 
contact model, the force model and the material model. 
(2) To calculate wear it is necessary to determine an appropriate mathematical 
model which can solve this wear model and can be implemented on the computer 
with an efficient algorithm. 
(3) The established wear equation can be implemented with computational 
programs using numerical methods such as FEM, DEM and discretization. This 
computational program should be selected based on the aim to get numerically 
efficient calculation in term of computation time and memory requirements.  
(4) The visualization method is usually used to represent the simulation results 
which can be displayed in two-dimension (2D) or three-dimension (3D) depending on 
the scale and the complexity of showing results. 
Real wear problems of tribosystem
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Experiments
Wear calculation Implementation Visualization Verification
- Geometric model
- Contact model
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- Wear equation
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- Worn surface
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Figure 2.6: Block diagram of wear simulation procedure 
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The purpose of visualization is to graphically illustrate simulation data. The 
visualization of the wear simulation is very helpful to interpret as well as gain insight 
the simulation results. 
(5) The simulation results need to be verified for the reason whether or not the 
results obtained from simulation are reliable. Consequently, a comparison between 
experimentally obtained data and simulation results is necessary and meaningful. 
During the verification, discrepancies between experiment and simulation occur 
because errors can be derived from the wear model or the mathematical description in 
computer code or even can lie in the interpretation of the nature of wear. 
2.3.2 Wear model and simulation 
Over the past decades, simulations of wear problems in real technical 
applications have been done by several researchers. The predominant wear models 
based on the specific contact arrangement were often simulated which are illustrated 
in Figure 2.7. 
The wear simulation of triboelements in a pin on disc tests, shown in Figure 2.7 
a), studied by Bortoleto et al. (2013), Andersson, Almqvist and Larsson (2011), 
Hegadekatte et al. (2008) and Hegadekatte, Huber and Kraft (2005). The common 
material pair investigated for wear models was a steel-steel pair. The mathematical 
model describing the global wear is normally used the Archard’s wear equation, 
which is usually implemented by using commercial software Abaqus with 3-D 
deformable geometries and elastic-plastic material behaviour for the contact surfaces. 
However, Andersson et al. (2011) suggested FFT-accelerated numerical methods to 
simulate elastic perfectly plastic deformations and wear under consideration of 
asperities of contacting surfaces.  
 
a) b) c)
 
Figure 2.7: Wear model of pin on disc a), block sliding on disc or plate b) and hard 
particle between two plates c) 
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Additionally, the wear depth from pin-on-disc tests was simulated by 
Hegadekatte et al. (2008). The resulting wear depth obtained from simulation, using a 
FE post-processor and a subroutine UMESHMOTION in the commercial FE package 
Abaqus, was verified with using experimental data. 
 Martínez et al. (2012), Moldenhauer and Kröger (2010), Söderberg and 
Andersson (2009) and Azeem Ashraf et al. (2009) presented the wear simulation of 
triboelements in the contact model of a block sliding on a rotating disc or on a plate, 
as illustrated in Figure 2.7 b).  
Martínez et al. (2012) reported the implementation of a wear model in a 
polymer-metal contact pair corresponding to the contact between a guide shoe insert 
for an elevator. The wear equation was developed based on Archard’s wear law. But 
the relation between the volume loss and the contact pressure, instead of the applied 
load, was defined not linear. Also, the implementation of the wear model using the 
finite element code Abaqus via a subroutine with the application of an adaptive 
meshing technique was selected. Moreover, the simulation results were validated by 
comparison with the results of experiments. 
Moldenhauer and Kröger (2010) simulated the local wear of the tread block in 
contact the rough road surface. The tread block model was described by the point 
contact elements representing the non-linear springs with their initial lengths. The 
wear process in the tread block model was defined as decreasing length of the non-
linear springs at each discretized point contact elements. The wear equation 
describing the wear behaviour of the tread block was established based on the 
Fleischer’s wear law which describes wear proportional to friction. According to this 
law the wear rate depends on the local pressure, velocity and the friction coefficient. 
Furthermore, the wear behaviour was influenced by dynamics of tread block, friction 
characteristics and contact stiffness. 
Söderberg and Andersson (2009) reported the wear simulation of the brake pad 
and the rotor using three-dimensional finite element model. Similarly, AbuBakar and 
Ouyang (2008) simulated a wear model of the disc brake using three-dimensional 
finite element (FE). The wear equation describing the wear characterization of the 
brake pad or the disc brake was established, based on a generalized form of Archard’s 
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wear law. In general, the wear simulation in such cases was usually implemented by 
using finite element analysis software Ansys or Abaqus. 
Ostermeyer and Müller (2006) and Ostermeyer (2003) studied the principal wear 
mechanism in the contact zone in brake systems, which leads to the characteristic 
structure of friction layer on the brake pad. Results showed that the actual value of 
the friction coefficient depends on by the actual state of patches on the pad, which 
change over time due to the flow of wear particles in the contact area. With an 
increasing wear the number of particles increases as well, and consequently the 
number of patches increases. The sliding resistance in brake systems is shown as the 
number and the size of the patches. The dependency of the behaviour of the friction 
coefficient and temperature on normal load and relative velocity was presented with a 
decreasing value of µ corresponding to an increasing friction power. Additionally, if 
velocity or the normal load increases the temperature increases as well. The effect of 
velocity on friction coefficient shows that friction and wear increase if the velocity 
increases whereas the friction coefficient decreases. 
Fang et al. (2009a), Horng, Lee and Du (2006), Fang et al. (2005), Fang et al. 
(2004) and Fang et al. (2001) studied the contact model of a hard particle in contact 
with the rough plate in two-body abrasion or three-body abrasion, as illustrated in 
Figure 2.7 c). Based on the contact characterization between the hard particle and the 
contacting bodies, in general, the contact equations were established by considering 
stochastic characteristics of particles and the manner of material removal. The 
stochastic characteristics were described as abrasive particle shapes and their 
distribution with random parameters. The volume loss due to wear mechanisms, 
commonly identified as plowing and cutting, was included into the model. 
Additionally, Monte Carlo method and finite elements method (FEM) were generally 
combined together to calculate the wear rate of material during simulation. 
Furthermore, the roughness was also computed and worn surface profile was 
simulated. The simulation data were shown good agreement with the experimental 
data. 
To simulate the wear rate and the worn surface profile, it is necessary to define 
the contact behaviour of abrasive particle in the contact region, which depends 
strongly on the particle shape, contact force and material model. Fang et al. (2009a) 
proposed the contact model of a particle as the revolution parabolic geometry 
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replaced the model of a particle as pyramid with a hemispherical tip, as done by Fang 
et al. (2005). With such particle model the normal load acting on the particle causing 
indentation on the surface were expanded into the contact model. This particle model 
describing the new contact equation was used to determine the rough profile by 
parabola functions. 
Horng et al. (2006) suggested a three-body contact model between a hard particle 
and two contacting surfaces to study effects of abrasive particle on contact 
characteristics and its application on polishing of wafer, as shown in Figure 2.7 c). 
The results showed that the total contact area ratio between the particle and two 
surfaces increases if the particle size increases. The relation between the contact area 
ratio and load shows a linear, and contact area ratio increases with an increase of 
contact load and a decrease of the particle density. These results indicate that 
particles resulting from the wear process or from  the  environment  are  an  important  
parameter  affecting  friction  characteristic as well as wear behaviour  in three-body 
contact. 
Ludwig and Kuna (2012) and Ludwig (2013) studied the distribution of wear 
affected by the contact pressure distribution on the silicon wafer surface during 
chemical mechanical polishing. The polishing process is implemented by pressing a 
silicon wafer against a moving polymer pad with continuous presence of slurry which 
contains abrasives and chemicals. An analytical study and numerical simulation were 
performed which is used to calculate the distribution of contact pressure between 
wafer and pad.  To predict the stress on the wafer surface, the finite element method 
(FEM) was implemented by using commercial software Abaqus. Furthermore, results 
of experimental investigation was compared with the FEM results, the analytical 
model produces an error of approximately 10% of the pressure. 
Fang et al. (2004) suggested a contact model focussing on wear due to the plastic 
deformation. This model was used for simulating wear process of materials, which 
was represented by spherical abrasive particles located in two relative sliding surfaces 
with different distribution sizes. To describe the random characteristics of three-body 
abrasion process, the Monte Carlo method was proposed to determine the influence 
of the particle size and abrasive layer arrangement on the worn surfaces. 
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A contact model of abrasive papers in two-body abrasion was studies by Fang et 
al. (2001). To describe the predominantly wear mechanism of materials due to the 
effect of ploughing ridge, the curves of Böklen and Azarkhin–Richmond was 
included in the contact model. Furthermore, the random characteristics of the wear 
process were presented using the Monte Carlo method. The geometry parameters, 
height and position distribution of abrasive particle were considered as random 
variables, which was simulated to verify the influence of material hardness, particle 
size and normal load on the wear rate.  
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CHAPTER 3 
Kinematics of Abrasive Particles 
In three-body contact, the abrasive particles are located as an intermediate layer 
between two surfaces and play a significant role to the wear of materials. The wear 
rate depends on the wear behaviour caused by interaction of the particle layer and the 
contacting surfaces. Therefore, the movement of these particles is a significant factor 
in estimating the wear rate of materials. The complexity of the particle motion during 
the wear process is an extremely difficult problem in research on three-body abrasion 
because changes in movement pattern of the particles will deduce different wear 
behaviour of the material. 
Previous research results indicate main aspects concerning the movement of one 
particle and of many particles in two-body contact as well as in three-body contact, as 
referred to Fang et al. (1993), Fang et al. (2009b), Hutchings and Kusano (2003), 
Nahvi et al. (2009), and Wang and Hutchings (1989). There are generally two kinds 
of particle movements in three-body abrasion, rolling and sliding. Investigation 
results from Fang et al. (1993) and Hutchings and Kusano (2003) stated that the 
motion of sliding particles has a greater effect to wear than the motion of rolling 
particles. The removal of material depends strong on the motion of the abrasive 
particles in the contact zone. If particles roll and produce multiple indentations on the 
contact surface, the wear mechanism is mainly an elastic deformation. Whereas, if 
they slide and cause grooving abrasion, the wear is dominated by a cutting 
mechanism.  
As mentioned above, the motion of abrasive particles in abrasion tests in three-
body contact were studied by many researchers, but the reported results were mostly 
focussed on the movement of single particle and mainly refer to two kinds of particle 
movements, rolling and sliding.  
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Figure 3.1: Schematic model to investigate the particle kinematics in three-body 
contact 
Based on these investigations the aim of present study is to investigate 
kinematics of many particles and to characterize this motion on the abrasion process 
in three-body tribosystem, as shown in Figure 3.1.  
In general, there are many parameters which affect the motion of particles, e.g. 
applied load, velocity, material properties of abrasive particle, surface roughness, 
size, shape and the amount of particles. However, the focus of this study lies 
especially on the experimental investigation of the relation between particle 
kinematics and the normal load, velocity, particle size, thickness of the particle layer 
and surface roughness, as described in Figure 3.2. 
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Figure 3.2: Schematic model of experimental setup to study the particle kinematics 
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  In this chapter, dependencies of the particle movement on the wear in three-
body abrasion are investigated. Furthermore, the relation between the velocity of the 
sample, the applied load and the motion velocity of particles is examined as well. 
Based on results of experimental investigation, approximation functions of the 
kinematics and the particle velocity are defined, which are used as input functions for 
the wear simulation. 
3.1 Test Setup 
3.1.1 Observation tester and test configuration 
In order to study the kinematics of the particles, a new observation tester has been 
built up which can be used to observe and record the motion of particles. The main 
parts of the observation tester include a sample box with weights, exchangeable steel 
plates with different roughnesses, a motor, two guiding bars, a camera and a test table 
as shown in Figure 3.3 a). The test setup of the observation tester can be varied by 
changing the rough surface plate, applied loads and angular speed of the motor. 
To observe the motion of multiple particles in the contact zone in detail, a 
Plexiglas sample is used with the dimension of 70 mm x 70 mm x 10 mm and a feed 
angle of 5 x 45°.  The sample is fixed in the sample box on which weight can be put 
on to change the applied load up to 56 N, see in Figure 3.3 b). 
 
Camera Motor controller
Motor
Test table
Guiding bar
Sample box
Light
Sample box Rough plate
Weight
Sample holder
Observation area
a) b) 
 
Figure 3.3: Scheme of observation tester a) and photo of main parts of the tester b)  
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For the conducted tests, the velocity of the sample box can be changed between 5 
to 40 mm/s by varying the angular speed of the motor. The rough steel plates, which 
are manufactured by grinding or shaping, are used to examine the effect of surface 
roughness on the kinematics of particles. The surface roughness parameter of Rz is 
measured by a roughness tester, so the range of surface 1 is between Rz1 = 20 to       
30 µm and the surface 2 is between Rz2 = 60 to 70 µm.  
The size of abrasive particles is one of the important parameters that affect the 
wear of material, as well as particle motion. In the present study, dry silica sand is 
used to investigate the kinematics of particles with two different sizes, namely         
S1 =315 to 355 µm and S2 = 200 to 250 µm. Therefore these abrasive particles, using 
the original sand described in Figure 5.7, are classified by sieving equipment. 
In addition, the amount of abrasive particles in the contact zone between sample 
and rough steel plate is considered as an additional parameter, which influences the 
particle movement as well. So the amount of particles is predefined as m01 = 0.8 g 
and m02  = 1.7 g corresponding to 1-2 layers and 3 particle layers, respectively.  
The experiments of particle movements are recorded by a camera. The 
observation area of the camera is thereby 35 mm x 20 mm. For further test details see 
Table 3.1.  
Table 3.1:  Test configuration of particle movement 
Description of test parameters Range 
Sample box  
   - Plexiglas sample 
   - Surface roughness: Rz,sam 
70 x 70 x 10 mm  
1.5 – 2.5 µm 
   - Weight 100 g 
Applied loads 19 – 56 N 
Velocity of sample 5 – 40 mm/s 
Abrasive particles
 
Silica sand 
 Size of sand: S1 315 ≤ S1< 355 µm 
                       S2 200 ≤ S2< 250 µm 
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- Amount of sand:   
   1-2  layers of particle m01  0.8 g 
   3 layers of particle with m02  1.7 g 
Rough steel plate  
Surface roughness: Rz1 25 – 35 µm 
                                Rz2 60 – 70 µm 
Contact area  70 x 30 mm 
Observation area  35 x 20 mm 
3.1.2 Test procedure 
To find dependencies of the kinematics of particles on wear parameters with the 
test configuration above, a series of experimental investigations of the particle 
movement on three-body abrasion are carried out on the observation tester. For the 
conducted tests, the experimental conditions such as the contact area, the position of 
the camera and the observation area have been kept constant. 
In order to define the real motion of the sample, red dots are marked as indicators 
on the sample surface and are recorded by the camera. By a point tracking tool in 
Matlab via the position of red dots, the velocity of the sample can be detected. The 
general test procedure is implemented by the following steps. First, abrasive particles 
are distributed uniformly on the contact area, as shown in Figure 3.4. Second, green 
coloured indicator particles of the same kind and the same size of particles are 
scattered additionally on the contact area. 
 
Figure 3.4: Scattered particles over the observation region; for 1-2 layers, Rz1 and 
particle size S1 a), for 1-2 layers, Rz2 and S1 b) and for 3 layers, Rz2 and S1 c)  
a) b) c) 
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The coloured indicator particles are investigated by the point tracking tool in 
Matlab and are used to qualify the particle kinematics in the contact region, and to 
represent the movement behaviour of all particles for the same test situation. 
 Third, the loading process of the sample box is carried out gradually. The particle 
motion in the contact zone is recorded by the camera during the whole process when 
the sample box slides along two guiding bars. The velocity of the sample box has 
been controlled by the rotational speed of the motor. The movement of particles has 
been examined in the range of the velocity from 5 to 40 mm/s. Each experiment, 
corresponding to predefined test parameters, has been repeated two times. 
3.2 Experimental Investigation 
3.2.1 Analysis of experimental data videos 
To study the influence of the thickness of the particle layer on the kinematics of 
particles, experiments with 1-2 and 3 nominal layers of particles are carried out. 
Moreover, the dependencies of particle kinematics on varying surface roughnesses 
and on different particle sizes are examined as well. After performing experiments, 
the movements of particles are observed critically by examining the recorded videos, 
based on the motion behaviour of coloured indicator particles. The particle movement 
patterns in the contact zone are a complex process because the contact condition 
changes over time between two contacting surfaces and the layer of abrasive 
particles.  
The recorded videos are used to determine characteristic movements of particles 
based on the analysis of experimental videos. Therefore, the videos are analysed in 
Matlab as the follows. 
(1) Read images in RBG mode. 
(2) Convert images from RGB colour space to HSV space. 
(3) Detect colour area of the image in HSV mode and remove noise.  
(4) Determine the colour image and the binary image. 
(5) Overlap two successive images. 
(6) Calculate the pixel area of each particle and determine the central points. 
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Figure 3.5: Analysis of images from video frames  
The images from video frames are analysed to determine the beginning frame 
and the end frame corresponding to the sliding time of the sample, as show in   
Figure 3.5. The parameters of a video include the frame rate of 1/30 s, the width of 
1280 pixel and the height of 720 pixel.     
The movement of both the sample and representative particles are analysed by 
image processing method using Matlab, based on the motion of red indicator dots on 
the sample and the motion of green indicator particles in the contact zone, as shown 
Figure 3.6. 
The procedure to define the velocity of the sample and the coloured particles is 
illustrated by a flow chart, shown in Figure 3.7.  
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Figure 3.6: Schematic model of test setup on the observation apparatus a) and 
observation area of a video frame b) 
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Figure 3.7: Flow chart of analysis of experimental videos to determine the sample 
velocity and the motion of coloured particles  
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The central point and distances of the red dots are defined for two successive 
video frames. From ibegin to iend, this calculation is repeated for whole motion process 
of the sample in the observation area. Thereby, the sample velocity is calculated by 
multiplying the distance of two sequential frames and the frame rate. All calculated 
values of the velocity in the range from 5 to 40 mm/s are stored as input parameters 
to compare it with the velocity of particles, as illustrated in detail in Figure 3.7.  
The method to determine the velocity of the coloured indicator particles is 
different to the determination of the velocity of the sample. Therefore, the 
determination of the velocity of a set of linked particle pairs for two successive 
frames is more complex to the procedure for only two red dots on the sample.  
To determine the kinematics of particles in two successive video frames, the 
coloured indicator particles are detected. Afterwards, the central points and the 
distance of one point of the first frame to all coloured particles of the second frame 
are calculated. From the distance and the frame rate, the velocity of each linked 
particle is defined.   
To define the central points of linked particle pairs and their distance, the 
algorithm to identify the green particle pair in two continuous images is proposed. 
The particle pairs are only detected if they satisfy the following conditions. 
(1) The maximum distance of a linked particle pair is equal or less than the 
motion of the red indicator dots of the sample.  
(2) The moving direction of detected particles must be forward in the same 
direction as the sample. 
(3) The size and shape of linked particle pair is nearly similar. 
(4) The linked two lists of central points are found based on the algorithm of 
nearest neighbour in Matlab. 
Based on results of the distance of each linked green particle pair, the velocity of 
each coloured indicator particle is calculated. To characterize different kinds of 
movements, it is necessary to compare the velocity of each coloured particle with the 
velocity of the sample, as shown in Figure 3.7, which is expressed by the following 
relation:  
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                               vsam ≈ vpar : sliding particles 
                               0 <vpar < vsam : moving particles 
                               vpar ≈ 0 : sticking particle 
(3.1) 
3.2.2 Observation of the movement of multiple particles  
By examining a series of videos of three-body abrasion tests for multiple 
particles some typical particle movement patterns are observed in the contact area, 
i.e. sliding, rolling and sticking. Especially the combination of sliding and rotating 
motion of particles dominate.  
Furthermore, sticking particles on the rough plate are observed, and collision 
phenomena between particles are seen. As a result of these analyses can be said that 
the motion behaviour of many particles is different to the motion of a single particle. 
To clarify various kinds of movement of particles in the observation area, some 
explanations are given as following: 
(1) The influence of the rough surface causes a non-uniform particle distribution 
in the contact area. The interaction between particle layer and contact surface varies 
over time due to the movement of the sample box. Additionally, irregular particle size 
leads to discrete contact points on the sample. Therefore, both contacting and non-
contacting particles on the sample surface occur simultaneously, as depicted in 
Figure 3.8 a).  
The upper particles are embedded in the surface and have nearly the same 
velocity as the sample. The movement of these particles is characterized by sliding 
relative to the rough plate and therefore the particles are so-called ‘‘sliding 
particles’’.  
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Figure 3.8: Schematic representation of contact situation between coloured indicator 
particles and the sample surface for 3 particle layers a) and for 1-2 particle layers b) 
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The contact situation between upper layer of particles and contact surface 
depends on the total mass of particles, the particle size, the applied load and the 
surface roughness, which influence the total number of sliding particles in different 
test setups, as illustrated in Figure 3.8 a) and b). 
(2) The observation of experimental videos shows that most of the non-contact 
particles are distributed in lower particle layer and have no motion while the sample 
slides over the particle layer. Especially for the case of 1-2 layers with increasing 
roughness, the non-contacting particles lie in the grooving of the lower rough plate 
and the velocity of such particles is nearly equal to 0. They stick on the rough plate, 
as illustrated in Figure 3.9 b). These particles have no distinct influence on the wear 
process of the sample and are called ‘‘sticking particles’’.    
(3) By the critical observation of videos to examine the movement of multiple 
particles, it can be seen that the typical motion of particles is considered by the 
combination of sliding and rotating motion. The movement of these particles is called 
‘‘moving particles’’. The particle motion depends on the arrangement of the particle 
layer and on the gap between the sample and the rough plate. When the sample 
moves, the rearrangement of the particle layer occurs due to the change of the gap as 
well as the varying contact behaviour between the particle layer and both contacting 
surfaces. If the gap increases during sliding process of the sample, the sliding 
particles switch from sliding to rolling motion and cause an increase of the moving 
particles. On the contrary, the increase of embedded particles occurs if the gap 
decreases, which leads to an increase of sliding particles and decrease of sticking 
particles. Therefore, the movement of abrasive particles is a complicated process 
changing over time. 
F  
n
vsam
h1-2layer
b)
F  
n
Sample
vsam
h1-2layer
Rough plate; Rz1
a)
Contact
Non-contact
Contact Contact
Non-contact
Rough plate; Rz2
 
Figure 3.9: Schematic representation of contact situation between coloured indicator 
particles and the sample surface; for 1-2 particle layers of Rz1 a) and Rz2 > Rz1 b) 
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Figure 3.10: Simplified model of contact behaviour between a particle layer and two 
contact surfaces with contacts between the single particles at initial time t = to a) and 
at time t = t1 b)  
(4) To explain the collision phenomenon between particles, a simplified model 
of the movement of a particle layer is illustrates in Figure 3.10 . Because the particle 
size is not equal, it causes discrete contact points between particles and two surfaces. 
Moreover, there are some particles which have no contact with sample, as depicted in 
Figure 3.10 a). During the sliding process of the sample, the sliding or moving 
particles hit the no-contacting particles and make them moving forward, as illustrated 
in Figure 3.10 b). The motion of hit particles is only short and they have no influence 
on the wear process.      
3.2.3 Analysis of the sample movement 
Based on calculations of the velocity of the sample, its path of motion during the 
whole sliding process is shown exemplarily in Figure 3.11. It can be seen that the 
moved distances X of the sample is not increasing constant over time. Therefore, the 
real velocity of the sample differs during the whole sliding process. 
 
Figure 3.11: Tracking of the sample in axial (X) and lateral (Y) movement for whole 
sliding process of Fn=19N, h3layer, S1, Rz1 
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Figure 3.12: Tracking of the red dots in the observation region a) and velocity of the 
sample for whole sliding process b) for test setup of Fn=19N, h3layer, S1, Ra,sur1  
It is obvious that the tracking routine of central point of red dot markers on the 
sample gives not a straight line due to the different movements of the sample box, as 
seen in Figure 3.12 a).  
The moving process of the sample box depends on the friction between sample 
box and two guiding bars, on the unstable angular speed of the motor, on the 
connection between motor and box, and on the contact situation between the particle 
layer and the two contacting surfaces. While analysing the motion of the red marker 
dots, it can be found that there are several video frames in which no motion exists. It 
is found that the stick-slip oscillations occur during the sliding process of the sample. 
Therefore, it is essential to define the real velocity of the sample to compare with 
relative motion of particles, see Figure 3.12 b). It can be seen that the velocity of the 
sample varies over time and oscillations are larger than the predefined velocity 
between 5 to 40 mm/s. 
3.2.4 Determination of kinematic of abrasive particles 
To characterize the behaviour of motion for many abrasive particles, it is 
necessary to define the percentage of moving, sliding and sticking particles in three-
body abrasion tests to evaluate the effect of these factors on the abrasive wear of 
materials.  
Moving particle means thereby a combination of sliding and rolling, whereas 
sliding particle have the same velocity and moving distance as the sample, as shown 
in Figure 3.13.  
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Figure 3.13: Schematic representation of the sample motion in two successive video 
frames a) and movements of coloured particles in contact zone b) 
In the contrary, sticking particle does not move. The typical movement 
behaviour of many particles is thereby described by: 
Ki=[K1, K2, K3].  (3.2) 
K1, K2 and K3 represent the percentage of moving, sliding and sticking particles, 
respectively. 
  The percentage of moving particles, K1, is defined by dividing total number of 
the moving particles by the entire number of detected and linked particles. Moving 
particles are counted if they satisfy the condition that their velocity is less than the 
velocity of the sample and greater than zero. 
The percentage of sliding particles, K2, is defined by dividing the total number of 
sliding particles by the entire number of detected and linked particles, if their velocity 
is almost equal to the velocity of the sample. 
The percentage of sticking particles, K3, which are almost without a change of 
their position, is defined by dividing the total number of sticking particles by the 
entire number of detected and linked particles.  
The values of K1, K2 and K3 of an experimental video are determined for all 
video frames corresponding to predefined mean velocities of the sample in the 
velocity range of 5 to 40 mm/s. The calculation of kinematics of abrasive particles is 
repeated similarly for all test parameters of Table 3.1. 
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3.3 Results of Kinematics of Abrasive Particles 
According to the above mentioned method, kinematics of many particle 
movements in three-body abrasion is studied by varying parameters, e.g. applied 
load, mean velocity of the sample, amount of abrasive particle, size of particles and 
surface roughness of the steel plate. Therefore, relation between parameters and 
particle movements are determined. 
Based on calculated results for all experiments, dependencies of particle 
kinematics on different applied loads are defined by using a curve fitting tool in 
Matlab. First, the values of K1, K2 and K3 are plotted by discrete points. Second, the 
weighted least-squares method for curve fitting in a two-dimensional scatter plot is 
used for fitting all data. Third, a model of non-linear exponential equation is used to 
fit all data with the best approximation. The curve fitting equation is thereby 
determined and is written by the following expression  
 Ki (%) = a⋅ vsam2 +c (3.3) 
where a, b and c are coefficients generated by Matlab. 
3.3.1 Results of experimental data analysis 
a) Dependency of particle kinematics on velocity and applied load 
Results of particle kinematics, K1, K2 and K3, dependent on the velocity of the 
sample for different applied loads with test parameter of the roughness Rz2 = 60 -     
70 µm, S1 = 315 - 355 µm and h3layer = 3 layers, are shown in Figure 3.14 a) and b).  
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Figure 3.14: Relation between kinematics of particles and velocity for different loads 
with Rz2 = 60 - 70 µm, S1 = 315 - 355 µm and h3layer = 3 layers; K1 & K2 vs. sample 
velocity a) and K1 & K3 vs. sample velocity b) 
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Figure 3.15: Relation Ki (vsam, Fn) using curve fitting a) and using surface fitting b) 
for test setup of Rz2 = 60 - 70 µm, S1 = 315 - 355 µm and h3layer = 3 layers 
It is visible that K1 increases with increasing velocity, whereas K2 and K3 
decreases. With increasing velocity to 40 mm/s, K1 increases to 100 % whereas K2 
and K3 reduce to zero. In the velocity range of 15 to 40 mm/s, K2 is already equal to 
zero. 
The influence of the applied load on the particle kinematics is also displayed. K1 
(moving) increases with increasing applied load, whereas K2 and K3 decrease. To 
compare K2 and K3, the relation of Ki = f(vsam, Fn) is plotted in three-dimensional 
space, as displayed in Figure 3.15 a). It is revealed that in the range of the sample 
velocity from 5 to about 30 mm/s, K3 (sticking) is larger than K2 (sliding).  
Moreover, it is necessary to find an approximation function to describe the 
relation of Ki on the applied load Fn and the sample velocity vsam. Using the curve 
fitting tool in Matlab, a model of linear polynomial is found to fit all curve equations 
with best approximation. The proper approximation functions, K1, K2 and K3, are 
determined, as shown in Figure 3.15 b).  
The surface fitting equations are found in Matlab and written as the following 
expression 
Ki (%) = p00 + p10·vsam + p01·Fn + p20·  vsam2 + p11·vsam·Fn , (3.4) 
where p00, p10, p01, p20 and p11 are thereby coefficients which are different for K1, 
K2 and K3, and defined by the general model in Matlab, as shown in Table 3.2.   
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Table 3.2: Determination of coefficients of the surface fitting equations (fitting factor 95%) 
Coefficients 
Kinematics of particle layer 
Velocity of particle 
layer vpar [mm·s-1] K1 K2 K3 
p00 [-] 64.63  4.32 31.38 214.4·10-3  [mm·s-1] 
p10 [s·mm-1] 1.604  263·10-3 -1.35 326.9·10-3 [-] 
p01 [N-1] 307.6·10-3   844·10-3 326.5·10-3 8.26·10-3 [mm·s-1·N-1] 
p20 [s2·mm-2] -18.41·10-3  143·10-3 13.22·10-3 3.29·10-18 [s·mm-1] 
p11 [s·mm-1·N-1] -7.36·10-3  268.7·10-6 8.82·10-3 1.83·10-3[N-1] 
It is clear that kinematics of abrasive particles depends on the sample velocity 
and the applied load. The dependence of Ki on the velocity is shown in Figure 3.15. 
The relation of the Ki = f (vsam) is nonlinear.  
In the contact region, the velocity of particle is often less than the velocity of 
sample due to interactions between abrasive particles and both contacting surfaces or 
between particles themselves. While the sample moves, the upper particle layer 
embedded in the sample surface also moves with various velocities. Consequently, 
the number of sliding particles is nearly equal to zero and the number of sticking 
particles is larger than the number of sliding particles.  
b) Dependency of particle velocities on applied load and velocity 
To define the mean velocity of particles depending on the velocity of the sample 
and the applied load, the relation vpar = f(Fn, vsam) is shown in Figure 3.16 a). The 
method to find an approximation function characterizing the relation of                   
vpar = f(Fn, vsam) is similar to the method for finding surface fitting curve of the 
relation Ki = f(Fn, vsam). The curve fitting equation using for the relation                  
vpar = f (Fn, vsam) is determined and is written by the following expression  
  vpar = p00 + p10·vsam + p01·Fn + p20·  vsam2 + p11·vsam·Fn , (3.5) 
where p00, p10, p01, p20 and p11 are coefficients identified in Matlab, see        
Table 3.2. Here, the mean velocity vpar of the abrasive particles is defined by dividing 
the sum of velocity of all moving and sliding particles by the amount of particles. 
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Figure 3.16: Relation of particle velocity vpar on applied load Fn and sample velocity 
vsam using surface fitting a) and relation between vpar and Fn for different velocities of 
the sample b) for test setup of Rz2 = 60 - 70 µm, S1 = 315 - 355 µm and h3layer 
It is clear that with increasing sample velocity vsam the velocity of particles vpar 
increases as well and the velocity of particles is smaller than the sample velocity. The 
relation vpar = f(vsam) is nearly linear, see Figure 3.16 a).  
In order to find out the dependency of the velocity of the particles on the applied 
load, this relation is shown in Figure 3.16 b). It is visible that with increasing applied 
load Fn the velocity of particles vpar is quite constant for the velocity of 5 mm/s and 
increases only slightly for higher velocities. 
3.3.2 Influencing parameters on kinematics of particle layer  
a) Influence of the thickness of abrasive layer on kinematics of particles 
To examine the dependencies of the relation Ki = f(vpar, Fn) on different 
thicknesses of particle layer h3layer and h1-2layer, these relations are shown in        
Figure 3.17. It is visible that K1 increases with increasing velocity. K1 gets its 
maximum value of 100 % for both h3layer and h1-2layer at vsam = 40 mm/s, whereas K2 
and K3 decrease to zero.  
It can be seen that the height of the particle layer influences the kinematics 
comparing Figure 3.17 a) with Figure 3.17 b). In the velocity range up to 40 mm/s, 
K1 of h3layer is greater than K1 of h1-2layer, whereas K2 and K3 of h3layer are less than K2 
and K3 of h1-2layer. 
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Figure 3.17: Relation Ki = f(vsam, Fn) using curve fitting for test setup Rz1 = 25 - 35 
µm, S1 = 315 - 355 µm, h3layer = 3 layers a) and Rz1 = 25 - 35 µm, S1 = 315 -355 µm,    
h1-2layer = 1-2 layers b) 
To visualize the dependency of the particle kinematics on the velocity and on the 
applied load for different layer heights, the curve fitting equations of K1, K2 and K3 
are plotted together in three-dimensional space, see Figure 3.18 a) and b), for h3layer 
and h1-2layer respectively.  
The results show clearly that K2 (sliding) of h3layer is nearly equal to K2 of         
h1-2layer. The difference of K3 (sticking) and K2 for h1-2layer is revealed in Figure 3.18 
b). For decreasing thickness of particle layer the amount of the sticking particles 
increases. This is obvious because the number of particles is reduced which causes an 
increase of non-contact particles as well as a decrease of hit particles. Therefore, the 
moving particles reduce whereas the sticking particles increase.    
 
 
Figure 3.18: Relation Ki = f(vsam, Fn) using surface fitting for test setup Rz1 = 25 - 35 
µm, S1 = 315 - 355 µm, h3layer a) and Rz1 = 25 - 35 µm, S1 = 315 - 355 µm, h1-2layer b) 
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b) Influence of surface roughness on kinematics of particles 
Considering the effect of surface roughness on particle movements, the results of 
this dependency on different rough surfaces, Rz1 and Rz2 > Rz1, are examined as 
shown in Figure 3.19. It can be found that the particle kinematics depending on 
velocity and applied load for Rz2 is similar as for Rz1. However, among K1 and K3 of 
both rough surfaces are quite different, for example, K1 of Rz2 is less than K1 of Rz1 
whereas K2 and K3 of Rz2 are greater than K2 and K3 of Rz1 comparing Figure 3.19 a) 
with Figure 3.19 b).     
To compare the curve fitting equations of K1, K2 and K3 between Rz1 and Rz2, the 
relation Ki = (vsam, Fn) are shown in three-dimensional space in Figure 3.20 a) and b) 
for Rz1 and Rz2 respectively.  
It is found that K2 (sliding) of Rz1 is approximately equal to K2 of Rz2 which 
indicates that the influence of roughness on K2 is not significant. However, the 
influence of roughness on K1 and K3 is displayed quite clear K3 (sticking) of Rz2 is 
larger than K3 of Rz1, whereas the K1 (moving) of Rz2 is less than K1 of Rz1. It is 
obvious that with increasing roughness the increase of the sticking particles occurs 
because the particles of the lowest layer are jammed in the rough surface. They do 
not change even though particles of the upper layer move. This leads to a reduced 
number of moving particles. 
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Figure 3.19: Relation Ki = f(vsam, Fn) using curve fitting for test setup Rz1 = 25 -      
35 µm, S1 = 315 - 355 µm and h3layer = 3 layers a) and Rz2 = 60 - 70 µm, S1 = 315 -          
355 µm and h3layer b) 
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Figure 3.20: Relation Ki = f(vsam, Fn) using surface fitting for test setup Rz1 = 25 -   
35 µm, S1 = 315 - 355 µm and h3layer a) and Rz2 = 60 - 70 µm, S1 = 315 - 355 µm and 
h3layer b) 
c) Influence of particle size on kinematics of particles 
The influence of different range of particle size, S1 and S2, on particle kinematics 
for Rz1 = 25 - 35 µm and h3layer is shown in Figure 3.21 a) and b).  
It can be seen that the behaviour of particle kinematics, K1, K2 and K3, depends 
on the velocity and applied load, and S2 is quite the same as for S1. The slight 
difference of K1 (moving) and K3 (sticking) between S1 and S2 < S1 is revealed in the 
velocity range of 5 to 10 mm/s. With increasing velocity the difference of the particle 
kinematics reduces. 
To examine again the effect of the particle size on the particle kinematics 
between S1 and S2 for Rz1 and now for h1-2layer Figure 3.22 a) and b) are compared. 
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Figure 3.21: Relation Ki = f(vsam, Fn) using surface fitting for test setup Rz1 = 25 -    
35 µm, S1 = 315 - 355 µm and h3layer a) and Rz1 = 25 - 35 µm, S2 = 200 - 250 µm and     
h3layer b) 
Chapter 3. Kinematics of Abrasive Particles 
50 
 
 
a)
K1
K3
K2K
 
,
 
K
 
,
 
K
 
 
(%
)
1 
2 
3
Velocity
 of
 sample (mm/s)
F  (N
)
n
K1 
K3
K2 
K
 
,
 
K
 
,
 
K
 
 
(%
)
1 
2 
3
Velocity
 of
 sample (mm/s)
F  (N
)
n
b)
 
Figure 3.22: Relation Ki = f(vsam, Fn) using surface fitting for test setup Rz1 = 25 -    
35 µm, S1 = 315 - 355 µm and h1-2layer a) and Rz1 = 25 - 35 µm, S2 = 200 - 250 µm and  
h1-2layer  b) 
It is displayed that K1 (moving) of S1 is smaller than K1 of S2 in the velocity 
range of 5 mm/s to 30 mm/s, whereas K3 (sticking) of S1 is larger than K3 of S2 and 
K2 (sliding) of S1 is quite equal to K2 of S2. However, if the velocity is increased, the 
difference of the particle kinematics is small. Therefore, the behaviour of particle 
kinematics between S1 and S2 is similar for almost all cases with higher velocity of 
30 mm/s.  
3.3.3 Influencing parameters on velocity of particles 
a) Dependency of particle velocity on thickness of abrasive layer 
To investigate the influence of the thickness of particle layer on the relation    
vpar = f(Fn, vsam), the surface fitting equation of the relation for h3layer and h1-2layer are 
shown in Figure 3.23 a) and b). It is clear that with increasing velocity, the particle 
velocity increases as well. The influence of the applied load on vpar displays that if the 
applied load increases, vpar decreases for both cases h3layer and h1-2layer. By comparing 
Figure 3.23 a) and b), it can be recognized that vpar of h3layer is larger than vpar of     
h1-2layer. 
To evaluate the dependency of the moving velocity of particles on the sample 
velocity, the quotient, vpar/vsam, is defined by dividing the mean velocity of moving 
particles by the sample velocity. The surface fitting equation is found which 
characterize the relation vpar/vsam = f (Fn, vsam).  
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Figure 3.23: Relation vpar = f (Fn, vsam) using surface fitting for test setup Rz1 = 25 - 
35 µm, S1 = 315 - 355 µm and h3layer a) and Rz1 = 25 - 35 µm, S1 = 315 - 355 µm and     
h1-2layer b) 
The influence of the thicknesses h3layer and h1-2layer of the particle layer on this 
relation vpar/vsam = f(Fn, vsam) is shown in Figure 3.24 a) and b). It can be seen that the 
particle velocity is about 50-55 % of the sample velocity for low sample velocity. 
With increasing velocity of the sample this percentage is reduced significantly from 
55% to 25% for h1-2layer, seen Figure 3.24 b). For h3layer the decrease of vpar/vsam is 
only very small.    
b) Dependency of particle velocity on surface roughness 
The influence of the rough surface on the relation of vpar(Fn,vsam) is shown in 
Figure 3.25. It is visible that the relation of the particle velocity and the sample 
velocity is linear. With increasing velocity, the particle velocity increases as well.    
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Figure 3.24: Relation vpar/vsam = f (Fn, vsam) using surface fitting for test setup          
Rz1 = 25 - 35 µm, S1 = 315 - 355 µm and h3layer a) and Rz1 = 25 - 35 µm, S1 = 315 -        
355 µm and h1-2layer b) 
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Figure 3.25: Relation vpar = f (Fn, vsam) using surface fitting for test setup                  
Rz1 = 25 - 35 µm, S1 = 315 - 355 µm and h3layer a) Rz2 = 60 - 70 µm, S1 = 315 -            
355 µm and h3layer b) 
The influence of the applied load on vpar is revealed that with increasing the 
applied load, vpar decreases for both cases Rz1 and Rz2. By comparing Figure 3.25 a) 
and b), it can be seen that vpar of Rz1 is larger than vpar of Rz2. 
3.4 Summary 
In summary, based on the results shown above, particle movement behaviour on 
three-body abrasion agrees with  previous  reported works, as reported by Liang et al. 
(1992), Fang, Sun and Cen (2007), Hutchings and Kusano (2003), Nahvi et al. (2009) 
and Shipway (2004) related to movement patterns as sliding and rolling. But the 
movement of multiple particles in the contact zone on three-body abrasion is a more 
complex process due to dependencies on wear parameters which can vary over the 
whole process. 
After the experimental investigation and analysis of the results, the following 
statements can be drawn: 
(a) The movement of multiple particles can be examined in detail by a new 
observation tester. Furthermore, the evaluation of particle kinematics on the wear 
behaviour is described by three factors, K1 (moving), K2 (sliding) and K3 (sticking) 
which are defined by calculating the velocity of coloured indicator particles.  
(b) The dependency of particle kinematics on wear parameters is quite clear. 
With increasing velocity K1 (moving) increases whereas K2 (sliding) and K3 (sticking) 
decrease. In the velocity range of 5 to 40 mm/s for all tested cases, K1 increases with 
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increasing applied load whereas K2 and K3 decrease. The influence of surface 
roughness, particle size and the amount of particles are examined critically. 
(c) The dependency of the particle velocity on process parameters is defined. 
With increasing sample velocity the particle velocity increases. Additionally, the 
particle velocity decreases if the applied load increases. 
(d) An approximation function representing the kinematics of particles and the 
particle velocity is determined. 
The results of this work are very helpful to determine correlations between 
various parameters, which are input parameters of models of wear processes on three-
body abrasion. 
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CHAPTER 4 
Contact Stiffness of Abrasive Particle Layers 
There are many significant factors that affect the wear process of three-body 
contact as mentioned in Chapter 1. The different aspects are divided into four 
modules including kinematics of abrasive particles, contact stiffness, friction 
characteristics and wear behaviour of tribosystem. In this chapter, the stiffness of 
particle layers in three-body contact under different loading conditions is investigated 
experimentally as shown in Figure 4.1.  
To examine the stress-strain behaviour of particle layers a typical method, the 
uniaxial compressive test is employed. A series of experiments is performed to define 
the contact stiffness of abrasive particle layers. The stiffness of abrasive layers 
depends on different parameters as the applied load Fn, the thickness hparlayer of 
granular materials and the loading-unloading process. Furthermore, the interaction 
between the particle layers and the contact surfaces, which depends on properties of 
the particle layer, the surface roughness and the setup of compression test, also 
influences the contact stiffness. Therefore, the dependency of the contact stiffness on 
these parameters and on different compression test conditions is studied, as illustrated 
in Figure 4.2 b).  
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Figure 4.1: Schematic representation of three-body contact and contact stiffness of 
particle layers 
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Figure 4.2: Schematic representation of three-body contact a) and scheme of uniaxial 
compression tests b) 
To characterize the wear behaviour of contact partners in Figure 4.2 a), it is 
necessary to define the global contact stiffness of the particle layer. Based on the 
overall stiffness of the particle layer, the local contact pressure in the contact zone 
can be estimated.  
The contact stiffness as a technical term is used to describe the resistance of 
the abrasive layers against the relative displacement of the contacting partner. The 
global contact stiffness Cn is defined as the ratio of the normal force Fn and the 
displacement Sn of particle layers. The displacement of granular materials is thereby a 
combination of the elastic and plastic deformation, the rearrangement of particle 
layers and particle breakage, as reported in Lowe and Longbottom (2006), Omidvar 
et al. (2012) and Wiącek et al. (2012). 
Based on results of the experimental investigation, approximation functions of 
the contact stiffness Cn depending on the applied load Fn and on the initial thickness h 
of abrasive layers are defined, which are used as input function for the wear 
simulation. 
4.1 Uniaxial Compression Test 
The uniaxial compression test is a conventional method to define mechanical 
properties of granular materials, to analyse stress-strain behaviour, and to determine 
material parameters such as modulus of elasticity E or Poisson’s ratio υ, as reported 
by Omidvar et al. (2012). To investigate the compression behaviour of abrasive 
layers in three-body contact, an uniaxial compressive apparatus is build up with a 
particle box filled with particles on which a sample is pressed on the particles. The 
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sample moves in normal direction with constant velocity towards the particle layer 
and compresses it with the applied load Fn. By a triangular laser the corresponding 
displacement Sn is measured. Corresponding to the nominal height of layer, a 
predefined mass of abrasive particles is scattered in the particle box, see            
Figure 4.2 b). 
4.1.1 General stress-strain behaviour of granular materials  
Based on fundamental theories and results of both experimental and numerical 
studies, reported in Wiącek et al. (2012), Sergiy et al. (2010), Schönert (1996), and 
Omidvar et al. (2012), the stress-strain behaviour of granular materials under uniaxial 
compression test over a wide range of stress level can be displayed by the diagram as 
shown in  Figure 4.3. 
In general, there are several test parameters that affect the stress-strain behaviour 
of granular materials as strain rate, applied load, initial void ratio, size and shape of 
grains, saturation, and material properties. Omidvar et al. (2012) supposed three main 
mechanisms for the analysis of the stress-strain behaviour:  
Region I: The stress-strain response in this region is initial elastic 
corresponding to the elastic deformation of individual grains. 
Region II: In this region the increasing applied axial stress exceeds the static 
friction between abrasive grains and a motion, as sliding and rolling of abrasive 
particles into the void volume, occurs.  
 
 
Figure 4.3: Stress-strain relation of granular materials under uniaxial compression  
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Figure 4.4: Contact points between particles in an ideal loose layer before starting 
the compression test a) and in ideal dense layer during uniaxial compression test b) 
Thereby, the number of contact points between particles increase which cause a 
denser abrasive layer, as shown in Figure 4.4. This phenomenon, which is known as 
slippage and rearrangement of abrasive particles, leads to hardening. 
Region III: At high stress level, breaking of individual particles takes place. 
This leads to a further reduction of layer height and to further increase of contact 
points between particles.  
4.1.2 Unconfined and confined compression test  
In present study, there are two test configurations for uniaxial compression tests 
that are proposed to investigate the global contact stiffness of abrasive particle layers, 
the unconfined compression test (UCT) and the confined compression test (CCT).     
The difference between both methods is that for the unconfined compression 
test the sample is smaller than the particle box, so a free movement of particles to 
both sides is possible, see Figure 4.5 a). For the confined compression test the 
sample has nearly the same size than the particle box in the y direction, so the 
movement of particles is restricted, see in Figure 4.5 b).  
Based on these test methods, two compression setups are installed. In the first 
setup, called UCT, the sample has a size of 40 mm x 25 mm and is smaller than the 
box with a square area of 60 mm x 60 mm.  Therefore, in both horizontal direction x 
and y no restriction of the particle movement takes place.  
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Figure 4.5: Scheme of unconfined compression test (UCT) a) and confined 
compression test (CCT) b) 
In the second setup, called CCT, one length of the sample increases up to 59 mm, 
so a one-sided restriction of particle movement occurs. The other length is kept by 25 
mm. Both setups are illustrated in Figure 4.5.  
To consider the influence of the stress-strain behaviour both experimental 
configurations UCT and CCT were conducted. In both cases, the particles get 
compressed, but are not constrained in the x direction. Comparing the wear 
conditions in three-body contact in Figure 4.2 a) and the configuration of the 
compression test in Figure 4.5, the UCT setup represents the compression behaviour 
of abrasive particle. Therefore, the results of the experimental investigation with UCT 
setup will be applied to calculate the local pressure in the contact zone. 
4.2 Experimental Investigation 
4.2.1 Uniaxial spindel compression tester 
To study the contact stiffness of particle layers in three-body contact, a spindle 
tester based on the working principle of an uniaxial compression test, is used for 
experiments. Some main parts, however, are developed and assembled in the 
structure of the spindle tester. Measuring devices as a force sensor and a triangular 
laser are also mounted on the tester, as shown in Figure 4.6.  
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Figure 4.6: Spindle tester for uniaxial compression tests and main components 
assembled in the spindle tester  
Some new components of the uniaxial spindle compression tester are a sphere, 
a steel sample, a rough steel plate, a particle box, and a supporting column in    
Figure 4.6. To measure the displacement of the abrasive layer more precisely, it is 
necessary to keep the two contact surfaces of both, the sample and the rough plate, 
nearly parallel to each other in the horizontal direction. Therefore, a sphere is used to 
reduce the inclination between two contacting surfaces and to make the sample 
surface almost perpendicular to the moving direction of the Plexiglass box. Its 
diameter of 25 mm is calculated to have a sufficient strength at the contact area. With 
the sphere, a vertical load without large bending effects is possible to conduct.  
Two samples of steel with the dimension of 40 mm x 25 mm x 10 mm and 59 
mm x 25 mm x 10 mm are used for experiments of the UCT and the CCT setup, 
respectively. The initial contact surface of the sample has been ground and its surface 
roughness Rz,sam is between Rz,sam= 0.5 - 2µm.  
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The rough steel plate with the dimension of 59 mm x 59 mm x 10 mm is used 
to examine the effect of surface roughness on the contact stiffness of the particle 
layer. The surface roughness of the plate manufactured by milling has also been 
measured and shows a value between Rz,sam= 25 – 35 µm. 
To measure normal force Fn and displacement Sn, a force sensor HBM U9B and 
a triangular laser Micro optronic ILD 2200 are installed. For more information, the 
test parameters are described in Table 4.1. 
Table 4.1: Test configuration 
Description of parameters  Range 
Sphere 
Steel sample 
Surface roughness Rz,sam 
Dimension for UCT 
Dimension for CCT 
φ 25 mm 
 
0.5 – 1.5  µm 
40 x 25 x 10 mm 
59 x 25 x 10 mm 
Rough steel plate 
Surface roughness Rz,plate 
Dimension  
 
25 - 35 µm 
59 x 59 x 10 mm 
Particle box 60 x 60 x 30 mm 
Loading-unloading velocity ≈ 0.015 mm/s 
Abrasive particle  
Sand size S1 
Predefined mass of particles corresponding to 
1-2 layers of particles with h1-2layer 
3 layers of particles with h3layer 
8 layers of particles with h8layer 
16 layers of particles with h16layer 
Dry silica sand  
315  ≤  S1  <  355 µm 
 
m1-2 = 1.52 g 
m3 = 4.56 g 
m8 = 12.15 g 
m16 = 24.30 g 
Chapter 4. Contact Stiffness of Abrasive Particle Layers 
62 
 
4.2.2 Experimental setup 
A series of experiments was performed for both setups, UCT and CCT, in the 
uniaxial spindle compression tester. The nominal contact area between particle layer 
and sample is not equal due to the different dimensions of the samples. To overcome 
unwanted dependencies and to be able to compare experimental results, the nominal 
pressure Pn is kept constant which leads to different applied loads as listed in     
Table 4.2. By consideration of the influence of the number of compression cycles on 
the stress-strain behaviour, each experiment is conducted by a loading-unloading 
process with four repeated cycles in each experiment. To increase the reliability of 
experimental results, each experiment is carried out three times. 
The thickness hparlayer of abrasive particle layers is a significant parameter that 
influences the wear process in three-body contact, as see in Figure 4.2 a). Therefore, 
the dependency of the contact stiffness on various thicknesses of the particle layer 
and on the applied load Fn is investigated. The scheme of investigation of the contact 
stiffness on various initial thicknesses, h1-2layer, h3layer, h8layer, and h16layer, is illustrated 
in Figure 4.7.  
The size of particles is one important parameter that affects the stress-strain 
relation during uniaxial compression test. In the present study, dry silica sand is used 
with particle sizes in the range of S1=315 to 355 µm, which is classified by sieving 
equipment before performing compression tests. 
Table 4.2: Determination of applied loads for both UCT and CCT 
UCT CCT 
Fn 
(N) 
Area 
(mm2) 
Nominal pressure  
(MPa) 
Fn 
(N) 
Area 
(mm2) 
Nominal pressure 
(MPa) 
5000 1000 5 7375 1475 5 
10000 1000 10 14750 1475 10 
15000 1000 15 22125 1475 15 
20340 1000 20.34 30000 1475 20.34 
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Figure 4.7: Scheme to investigate the contact stiffness for the thickness h1-2layer of 1-2 
layers a), the thickness h3layer of 3 layers b), the thickness h8layer of 8 layers c), and the 
thickness h16layer of 16 layers d) 
The nominal thicknesses of particle layers, h1-2layer, h3layer, h8layer, and h16layer, are 
determined by calculating the respective volumetric mass of abrasive particles. Here, 
h1-2layer, h3layer, h8layer and h16layer represent thicknesses of 1-2, 3, 8, and 16 particle 
layers corresponding to the volumetric mass of particles m1-2, m3, m8, and m16. 
Results of these calculated values are given in Table 4.1. 
4.2.3 Experimental procedure 
For the conducted tests, the experimental conditions such as the manner of 
scattering particles over the rough plate, the number of compression cycles and the 
relaxing time between full cycles and velocity for the loading and unloading process 
have been kept constant in every experiment. The test procedure of each experiment 
is implemented by the following main steps.  
First, the sample is laid on the rough plate without particles. The applied load Fn 
is set 0 before the sphere is moved down by rotating the upper wheel. When the 
sphere has contact with the sample and the Fn has reached 5 kN, the displacement Sn 
is set to 0, as shown in Figure 4.8 a). Afterwards, the sphere is moved upwards again 
by rotating the upper wheel.  
Second, the abrasive particles are distributed uniformly in the plexiglas box 
with their predefined mass corresponding to the nominal thickness of the layers. The 
surface of the particle layer is levelled before the compression test starts. The sample 
is laid on the surface of the particle layers, as shown in Figure 4.8 b).  
 
Chapter 4. Contact Stiffness of Abrasive Particle Layers 
64 
 
 
 
 
S
<
 
0
n
F = 0n
Sn
L
F = maxn Fn
Loading Unloading
Sn
U
L
Start End
F = 0n
b) c) d) e)
 
 
 
S
<
 
0
n
S 
=
 
0
n
F = 5 kNn
a)
Loading
 
Figure 4.8: Loading-unloading process in each cycle; loading process without sand 
a), scattered sand in plexiglass box before loading process starts b), at the end of 
loading process c), during unloading process d), at the end of unloading process e) 
At the beginning of the loading process, the plexiglas box is moved upwards by 
rotating the lower wheel until the sphere has contact with the sample. At the same 
time, initial real thickness of particle layers is determined.  
Third, in the loading process the particle layers are compressed by moving the 
plexiglas box further upwards with a constant velocity 0.015 mm/s. The loading 
process is stopped when the applied load reaches the predefined pressure, see in 
Figure 4.8 c). To consider the characteristics of self-restitution of particles and 
system, the relaxing time of 60 seconds is installed before the unloading process 
starts. 
Fourth, with the same velocity, the unloading process is conducted by moving 
the plexiglas box downwards, as shown in Figure 4.8 d). The unloading process in 
one cycle is stopped until there is no contact between the sample and sphere and the 
normal force is equal to 0, as see in Figure 4.8 e). During experimental time, the 
normal force and the displacement are measured simultaneously.  
For each experiment, the loading and unloading process of one cycle is 
repeated four times because the stress-strain behaviour during several cycles differs. 
Furthermore, to avoid the systematic errors, each experiment is carried out three 
times. 
4.3 Analysis of Experimental Data  
In this section, the results of experimental investigation are shown. Especially, 
the dependence of the stress-strain relation of the particle layers on the normal force, 
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on the nominal thickness of abrasive particles, on the loading-unloading process, and 
on the number of compression cycles are investigated critically.  
4.3.1 Procedure of data analysis 
With the test configuration and the predefined test parameters, as mentioned in 
Section 4.2.1 and Section 4.2.2, series of measurement are carried out by the spindle 
compression tester with the experimental procedure discussed in Section 4.2.3. In 
order to examine normal force-displacement relation of particle layers, results of 
experimental data are analysed in Matlab. Measured values of the applied load Fn and 
the displacement Sn during whole experimental time are shown exemplarily in  
Figure 4.9 a). During the loading process, the normal force increases from 0 up to the 
maximum value corresponding to the predefined value of Fn, whereas the 
displacement of particle layer decreases from the initial height to the minimum 
compressive height. Before the unloading process starts, a relaxing time of 60 sec is 
conducted, and the applied load reduces slightly due to the self-restitution of the 
particle layer. 
During the unloading process, the normal force Fn decreases to 0 when the 
sphere has no contact to the sample, as shown in Figure 4.8 e), whereas the 
displacement of layer increases from the minimum compressive layer to the layer at 
the end of the unloading process. Both loading and unloading processes in one cycle 
are repeated by four times with the same compression velocity, as shown in      
Figure 4.9 b). 
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Figure 4.9: Measured values of both normal load and displacement vs. time during 
experiment a) and for 4 cycles b) for test setup of Fn=20 kN, h3layer and UCT 
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  It is visible that the displacement of the particle layer differs in each loading-
unloading cycle, as shown in Figure 4.9 b), due to the changing mechanical 
behaviour of the granular materials. This includes the elastic deformation of particles 
and the rearrangement of granular materials as well as particle breakage. There are 
three parameters, ho, hmin and hend, which represent the displacement of the particle 
layer in one cycle, as shown in Figure 4.10 a). These parameters are used to analyse 
the displacement in various cycles, as well as to compare the change of thickness for 
different particle layers h1-2layer, h3layer, h8layer, and h16layer. Here, ho is the initial 
thickness of the particle layer. hmin is the minimum thickness of the compressive layer 
at the end time of the loading process. In the same way, hend is the thickness of the 
layer at the end time of the cycle.  
To determine the starting time of compression cycle and the initial height ho of 
the particle layer, the value of Fn = 0.03 kN was selected. Also, at Fn = 0.03 kN the 
ending time of each full compression cycle is defined, and hend is calculated, as see in 
Figure 4.10 b).  
Since the working condition of the spindle compression tester is not perfect, 
another assumption to determine both, the beginning time of loading process and the 
ending time of unloading process, was made at Fn = 0.5 kN. Moreover, the ending 
time of loading process and the beginning time of unloading process is also defined at 
the value of the predefined applied load Fn = max, as seen in Figure 4.10 b). 
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Figure 4.10:  Determination of thicknesses of particle layer, ho, hmin and hend in one 
cycle a) and determination of the starting time and the ending time for each cycle b)  
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Figure 4.11: Normal force and relative displacement vs. time for full cycles a) and 
for loading-unloading process b) for test setup of Fn=20 kN, h3layer and UCT 
To find out the dependence of normal force-displacement relation on the 
number of compression cycles, it is necessary to transform the measured absolute 
displacements into relative displacements, as shown Figure 4.11 a). The beginning 
time and the ending time of each cycle are determined at Fn = 0.03 kN. It can be seen 
that relative displacement differs in each cycles, especially if comparing the normal 
force-displacement relation between the first cycle and the second cycle.  
The dependency of the normal force and the displacement on the time at the 
beginning time and the ending time of each loading-unloading process in one cycle is 
shown in Figure 4.11 b). The beginning time of the loading process and the end time 
of the unloading process are determined at Fn = 0.5 kN while the end time of the 
loading process and the beginning time of the unloading process are determined at the 
predefined normal force Fn.    
4.3.2 Nonlinear force-displacement relation 
To consider the dependency of the stress-strain relation of abrasive particle 
layers on the number of compression cycles and loading-unloading process under 
uniaxial compression test, experimental results of the relation of the nonlinear force-
absolute displacement are analysed, as shown exemplarily in Figure 4.12. It can be 
seen that the relation of the normal force and the absolute displacement on the 
loading-unloading process in one cycle is nonlinear due to volumetric strain 
behaviour of the particle layer, as shown in Figure 4.12 a). 
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Figure 4.12: Normal force-absolute displacement relation; for full cycle 1 and 2 a), 
for loading process of four cycles b), for unloading process of four cycles c) for test 
setup of Fn=20 kN, h3layer and UCT 
Furthermore, the difference of the displacement between the loading process 
and the unloading process in each cycle is displayed. It is visible that the absolute 
displacement of the loading process of the cycle 1 is significantly different than the 
loading process of the cycle 2, 3 and 4 whereas the difference of the absolute 
displacement of the cycle 2, 3, and 4 is quite small, see Figure 4.12 b). If comparing 
the force-displacement relation of the unloading process between the cycles, the 
absolute displacement of the unloading process of the cycle 1 is larger than that of the 
cycle 2, 3 and 4, as shown in Figure 4.12 c). 
To analyse the stress-strain behaviour of particle layer in each cycle, it is 
necessary to transform the absolute displacement of all loading-unloading branches 
into the relative displacement. The normal force-relative displacement relation of 
each loading-unloading branch for different cycles is shown in Figure 4.13.   
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Figure 4.13: Nonlinear force-relative displacement relation for full cycle 1 a) and for 
full cycle 3 and 4 b) for test setup of Fn=20 kN, h3layer and UCT 
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It can be seen that the relative displacement of the loading process for the cycle 1 
is smaller than that of the unloading process. The difference of displacements 
between the loading branch and the unloading branch reveals significantly while the 
applied load is larger than 6 kN, as shown in Figure 4.13 a). However, the relative 
displacement of loading process is larger than that of unloading process for the same 
load in the cycle 3 and 4 as shown in Figure 4.13 b). 
Comparing the loading process and the unloading process, the nonlinear 
relation of the normal force Fn and the relative displacement Sn is different due to the 
variation of the volumetric strain of particle layers. Here, the volumetric strain is 
defined as change of the volume density as a result of the deformation of particle 
layers. This can be explained by the increase of the density in the loading process 
which can be subjected to mechanical properties of granular materials such as the 
elastic deformation, rearrangement, hardening, and particle breakage. The decrease of 
the density in the unloading process can be induced mainly by the elastic deformation 
and rearrangement.  
In order to investigate the dependency of the nonlinear force-displacement 
relation on the number of compression cycles, the normal force-relative displacement 
relation of the loading process in four cycles is shown in Figure 4.14 a). It is 
displayed that the displacement decreases if increasing the number of cycles. The 
displacement of the loading process of the cycle 1 is larger than that of the cycle 2, 3 
and 4, respectively.  
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Figure 4.14: Nonlinear force-relative displacement relation for loading process of 
four cycles a) and for unloading process of four cycles b) for test setup of Fn=20 kN, 
h3layer and UCT 
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Also, a significant difference between the relative displacement of the cycle 1 
and the cycle 2, 3, and 4 is visible whereas displacements of the cycle 3 and 4 are 
quite similar.  
The relation between the relative displacement and the normal force in the 
unloading process of four cycles is shown in Figure 4.14 b). This relation reveals that 
the discrepancy of the displacement of the unloading branch between cycles is very 
small.   
Obviously, the stress-strain relation of particles depends on many parameters 
such as the level of the normal force, the initial thickness of the particle layer, the 
number of compression cycles, and loading-unloading process, which affect the 
volume density of the particle layer. To clarify the compression behaviour of the 
particle layer, it is necessary to explain the force-displacement relation based on 
mechanical properties of granular materials under uniaxial compression test. The 
force-displacement relation of the loading process can be divided into three phases, as 
shown in Figure 4.14 a). 
Phase 1: While the normal force is increasing from 0 up to 6 kN, the 
displacement of particle layer also increases, which is represented by the increasing 
of volume density caused by the rearrangement of particles with following reasons. 
 First, with the increasing of a small pressure, elastic deformation occurs for 
the individual grains. However, it is not strong enough to results in the change of the 
position of particles. Second, if the shear stress exceeds the static friction between 
particles, the structure of the particle layer deforms and the void volume reduces as a 
result of the change of position of particles by rolling or sliding.  Third, in this range 
of pressure level, the particles placed in border region of the contact area and the 
layers are pushed laterally, as displayed in Figure 4.15 a), b) and c). 
Consequently, particles located inside of the contact area have a good 
opportunity to change its position. The deformation of particle layer is caused by 
both, the elastic deformation and the change of initial position of particles, which 
leads to the change of the volume density to a denser arrangement of the layer.  
Phase 2: In the range of the normal force up to 15 kN, particles start breaking, 
which again leads to an increase of the volumetric strain.  
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Figure 4.15: Particle distribution region after uniaxial compression test for h1-2layer a), 
for h3layer  b), for h8layer  c), and broken particles and harden particle assemblage d) for 
test setup of Fn=20 kN and UCT 
On the other hand, the movement of particles near the border region takes 
place continuously in this phase. The rearrangement of particles into the voids is still 
implemented. The increase of the volumetric strain of particle layers in this phase 
causes the rearrangement and the breakage particles. 
Phase 3: If the normal force level still increases, broken particles and harden 
particle assemblages increase as well, as shown in Figure 4.15 b), c) and d). Due to 
the phenomenon of strain hardening, the increase of the volumetric strain of the 
particle layer could not be changed as much as in Phase 2. The denser particle layer 
behaves as a solid layer if broken particles are locked up together under high 
pressure. In this phase, the deformation of the particle layer is mainly dominant by 
breakage behaviour. 
The curve of the normal force-displacement relation for the unloading process 
can be described in two phases, as shown in Figure 4.14 b). It is visible that the 
Chapter 4. Contact Stiffness of Abrasive Particle Layers 
72 
 
stress-strain relation of the particle layers is nonlinear, which can be explained by the 
following two phases: 
Phase 1: While the normal force decreases to 10 kN, the relation of the normal 
force and the relative displacement is nearly linear due to predominantly elastic 
behaviour of the particle layer. 
Phase 2: In the range of reduced force level below 10 kN, the relation Sn = f(Fn)  
is nonlinear when elastic strains and rearrangements occur simultaneously.  
In summary, the relation Sn = f(Fn) of the particle layer on all full cycles can be 
expressed by abbreviating the following expression: 
SnL1st (Fn) > SnL2nd - 4th (Fn) and SnUL1st (Fn)  ≈ SnUL2nd - 4th (Fn) (4.1) 
where SnL and SnUL represent the relative displacement of the loading process 
and the unloading process, respectively;   
SnL1st to SnL2nd-4th represent the relative displacement of the first loading process 
and 2nd-4th loading process, respectively; 
SnUL1st to SnUL2nd-4th represent the relative displacement of the first unloading 
process and the 2nd-4th unloading process, respectively. 
4.3.3 Influence of the initial layer height on the volumetric strain 
To understand nonlinear stress-strain relation of the particle layer under 
uniaxial compression test, the volumetric strain of each cycle is represented by the 
height of the particle layer, ho, hmin and hend, as shown in Figure 4.16 and Figure 
4.10 a).         
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Figure 4.16: Schematic representation of displacement of particle layer in one cycle; 
determination of h = 0 a), determination of ho at the beginning time of loading 
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process b), determination of hmin at the ending time of loading process c), and 
determination of hend at the ending time of unloading process d)  
The relation between ho and cycles for the initial layer heights is shown in 
Figure 4.17 a). The values of ho of cycle 1 are the initial height of the particle layer 
and corresponds to the heights of nominal particle layers, h1-2layer, h3layer, h8layer and 
h16layer. It is visual that the large difference of ho between the 1st cycle and the 2nd-4th 
cycles on the thickness of h8layer and h16layer is displayed explicitly. However, the 
change of ho between the 1st cycle and the 2nd-4th cycles on the layer height of h1-2layer, 
h3layer is quite small. In Figure 4.17 a), the dependency of ho on the nominal thickness 
and number of cycles is shown clearly that ho decreases if the number of cycles 
increases whereas ho increases if the nominal thickness of the layer increases.  
The relation of hmin and the cycles is displayed in Figure 4.17 b). Here, the 
value of hmin is the minimum height of the layer after each compression cycle. The 
relation of the minimum compressive layer height hmin and the number of 
compression cycle shows that if the number of compression cycle increases, hmin still 
reduces for the case of h8layer and h16layer whereas for the case of h1-2layer and h3layer hmin 
keeps almost constant.  
To interpret the dependency of the volumetric strain on the initial thickness of 
the particle layer and on the number of cycles, it is necessary to determine ho and hmin 
for each cycle based on the experimental results. The deviation of ho and hmin is 
represented the volumetric strain of the particle layer during the loading process 
corresponding to the predefined stress level, as shown in Figure 4.16 b) and c).  
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Figure 4.17: Height of particle layer ho vs. cycles a) and height of particle layer hmin 
vs. cycles b) for the test setup of Fn = 20 kN and UCT  
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Although the difference of ho between h16layer and h8layer is significantly large 
whereas the variation of hmin between h16layer and h8layer is very small. Therefore, the 
volumetric strain of h16layer is larger than that of h8layer, especially for the cycle 1.  
The variation of ho between first two successive cycles is characterized by the 
volumetric strain of the particle layer in first loading-unloading cycle. If the variation 
of ho of the two next cycles is nearly equal to 0 this means that the volumetric strain 
reached a saturation state at a specific stress level. The volumetric strain of granular 
materials in loading process is considered as the change of the density of grains due 
to the elastic behaviour of grains, the rearrangement of the particle layer, the 
breakage of particles, and displacement of particles located in the border region of the 
compression area. However, the volumetric strain of granular materials in the 
unloading process only includes the elastic strains and rearrangements. It is visual 
that the volumetric strain of h16layer is larger than of h1-2layer, especially in the first 
cycle, see Figure 4.17 a). Therefore, the volumetric strain depends strongly on the 
initial thickness of the particle layer. 
In Figure 4.15 a), b) and c), the particle distribution region of h1-2layer, h3layer, and 
h8layer for test setup UCT is shown. It can be seen that the distribution of broken 
particle region between h1-2layer and h8layer is different. The region of harden and 
broken particles for h8layer are concentrated on the central compression area whereas 
for h1-2layer it is uniformly distributed. This leads to the difference of the local stress 
distribution in the compression region between h1-2layer, h3layer, h8layer, and h16layer.   
4.3.4 Influence of normal force levels on the volumetric strain 
To examine the influence of normal force levels on the volumetric strain, the 
dependence of the ho-cycle relation on the various normal force levels for different 
nominal layer heights, h3layer and h8layer, is analysed, see in Figure 4.18. 
For both cases h3layer and h8layer, it is clear that the height ho depends on the 
normal force and ho decreases if the normal force increases. The influence of the 
number of cycles on ho reveals that ho of the cycle 1 is larger than that of the cycle 2, 
3 and 4, especially for h8layer.  
Similarly, the relation of the minimum compressive layer height hmin and the 
number of cycles on different normal force for both h3layer and h8layer is shown in 
Figure 4.19. 
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Figure 4.18: Height ho vs. cycles for the nominal layer height h3layer a) and for 
nominal layer height h8layer b) 
Comparing the relation of hmin-cycle for different nominal layer heights, it is 
visual that the relation of hmin-cycle for h3layer is smaller than for h8layer. It is clear that 
hmin decreases while the normal force increases. The influence of hmin on the number 
of cycles shows a small decrease for h3layer whereas for h8layer the height hmin 
decreases more. It can be explained by two reasons. First, with the higher particle 
layer thickness and lower normal force level, the volumetric strain of layers is mainly 
governed by the rearrangement mechanism. Further rearrangement occurs in the 
following cycles.  Second, while the normal force increases to a higher level, the 
harden particle assemblage is dominant, as shown in Figure 4.15 b) and c). 
Therefore, although the number of cycles increases, hmin is almost unchanged.  
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Figure 4.19: The thickness of the particle layer hmin vs. cycles for nominal layer 
height h3layer a) and for nominal layer height h8layer b) 
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4.3.5 Influence of the cycles on the volumetric strain 
In order to explain the nonlinear stress-strain behaviour of the particle layer, the 
relation of hmin-Fn on loading-unloading cycles is shown in Figure 4.20. It can be 
seen that hmin of the first cycle is significantly different from that of the second, the 
third and the fourth cycles for the case of h8layer, whereas for h3layer the difference of 
hmin is very small. It is displayed that the effect of the number of the cycles on hmin for 
h3layer is slight. Moreover, thickness of the layer hmin is significantly reduced while the 
normal force increases. 
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Figure 4.20: The thickness of the layer hmin vs. normal force for nominal layer height 
h3layer a) and for nominal layer height h8layer b) 
4.4 Determination of Contact Stiffness of Particle Layer 
In this study, the dependency of the contact stiffness on the normal force levels, 
on the nominal particle layer heights and on the cycles in both cases UCT and CCT is 
examined. To find out the relation of global contact stiffness Cn on these parameters, 
it is necessary to define the global contact stiffness of the particle layers. The global 
contact stiffness Cn is calculated by the ratio between the normal force Fn and the 
displacement Sn of the particle layer,  
 =  (4.2) 
4.4.1 Nonlinear relation of contact stiffness and normal force  
Based on the results of the experimental analysis of the normal force-
displacement relation in Section 4.3.2, the relations between the contact stiffness and 
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the normal force for all cycles, loading branches as well as unloading branches, are 
shown exemplarily in Figure 4.21.  
It is visible that the relation of the global contact stiffness Cn and the normal 
force Fn is nonlinear, as explained in Section 4.3.2. If the normal force Fn increases, 
the contact stiffness CnL of the loading branch is higher than the contact stiffness CnUL 
of the unloading branch for all loading-unloading cycles, as shown in Figure 4.21 a). 
The variation of Cn on the loading and unloading branches reveals that if Fn increases, 
Cn increases as well, and reaches the maximum value if Fn is in the range of Fn = 5 -  
6 kN. Afterwards Cn is reduced if Fn increases and for higher normal force level it 
increases again. This can be explained by the change of the volumetric strain of the 
particle layers during the loading-unloading process, as explained in Section 4.3.4. 
The nonlinear relation Cn = f(Fn) of all loading branches is shown in Figure 
4.21 b). It is clearly visible that Cn of the first branch is lower than that of the second, 
the third and the fourth branch. The same relation of nonlinear Cn = f(Fn) can be also 
found for the unloading branches, as shown in Figure 4.21 c).  
From the results of experimental analysis above, it is reasonable to examine the 
relation Cn = f(Fn) on both loading and unloading branches. The relation Cn = f(Fn) on 
the loading and unloading process is represented by the 1st branch and the 2nd-4th 
branches. 
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Figure 4.21: Nonlinear contact stiffness-normal force relation; for cycle 1 and  2 a), 
for all loading branches b), for all unloading branches c) for test setup of Fn=20 kN, 
h3layer and UCT 
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4.4.2 Results of the relation Cn = f(Fn) for unconfined compression test  
a) Determination of approximation equations of relation Cn = f(Fn) 
In order to investigate the dependence of relation between the global contact 
stiffness Cn and the normal force Fn on the loading-unloading process and on the 
nominal thickness of the particle layers, the weighted least-squares method for curve 
fitting in a two-dimensional scatter plot is used for fitting all experimental results of 
the 1st and the 2nd-4th branches.  
For loading process 
The curve fitting equations are displayed in Figure 4.22. The procedure to find 
a curve fitting approximation is performed in the following steps. First, a set of 
values of the contact stiffness Cn and the normal force Fn is calculated for each 
experiment. The calculated values of three experiments with predefined test 
parameters are included together. Second, all calculated data of the 1st and the 2nd-4th 
branches with respect to the normal force level up to 20 kN are plotted by discrete 
points for both the loading and unloading process. Third, from a set of scattered 
points, an approximation function is obtained by curve fitting on the set of the 
calculated experimental data.  
Based on the calculated data, the curve fitting of the 1st and the 2nd-4th branches 
for the loading processes are plotted in Figure 4.22, which is used to define the 
relation Cn = f(Fn) of the particle layers. Therefore, the calculated data of the relation 
Cn = f(Fn) is replaced by the curve fitting representing the relation Cn = f(Fn) of the 1st 
and the 2nd-4th branches.  
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Figure 4.22: Approximate equations of nonlinear relation Cn = f(Fn) on loading 
branches for h1-2layer - 1-2 nominal particle layers a), for h8layer - 8 nominal particle 
layers b) and for h16layer -16 nominal particle layers c) 
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 The curve fitting equation of all loading processes including the 1st and the 2nd-
4th branches for the cases h1-2layer, h3layer, h8layer, and h16layer shows a good agreement 
with experimental results, and is expressed by  
Cn (Fn) = a∙Fnb. (4.3) 
However, the volumetric strain of h16layer is different compared to h1-2layer, h3layer 
and h8layer. The curve fitting equation of the 1st branch for the case h16 is thereby 
described by   
Cn (Fn) = a∙Fnc, (4.4) 
Where a, b and c are parameters which are determined by the curve fitting tool in 
Matlab, as given in Table 4.3. The equations characterizing the dependency of the 
relation Cn = f(Fn) on the loading process as well as on the nominal thickness of the 
layers are given in Table 4.3.   
Table 4.3: Curve fitting equations of the loading branch for test setup UCT and CCT  
Branch 
Nominal thickness of particle layer 
h1-2layer h3layer h8layer h16layer  
2nd-4th 
Cn=a⋅Fnb  with b = 0.5 Parameters 
14.61 14.55 11.61 11.14 a 
1st 
Cn=a⋅Fnb  with b = 0.5 Cn=a⋅Fnc  with c = 0.86 
11.54 12.02 4.20 0.48 a  
For unloading process 
In Figure 4.23, the fitting curves of the unloading branches for various nominal 
thicknesses are shown.  
Similarly, the curve fitting equations of all unloading processes consisting of the 
1st and the 2nd-4th branches for the cases h1-2layer, h3layer, h8layer and h16layer were 
established with a good agreement with experimental results, and are expressed by  
Cn (Fn) = a⋅Fnb + c (4.5) 
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Figure 4.23: Approximate equations of nonlinear relation Cn = f(Fn) on unloading 
branches for h1-2layer a), for h8layer b) and for h16layer c) 
Again for curve fitting equation of the 1st branch for the cases of h16layer the 
approximation has to be adapted by  
Cn (Fn) = a⋅Fnd + c,  (4.6) 
Where a, b, c and d are parameters, as given in Table 4.4. All curve fitting 
equations of unloading branches for the cases h1-2layer, h3layer, h8layer and h16layer are 
listed in Table 4.4.  
Table 4.4: The curve fitting equations of the unloading branch for UCT and CCT  
Branch 
Nominal thickness of particle layer 
h1-2layer h3layer h8layer h16layer  
2nd-4th 
Cn=a⋅Fnb + c  with b = 0.5 and  Parameters 
14.06 14.47 12.21 10.28 a 
-1.65 -2.10 -5.76 -1.76 c 
1st 
Cn=a⋅Fnb  + c with b = 0.5 Cn=a⋅Fnd + c with d = 0.88 
12.5 12.16 4.81 0.45 a   
-6.87 -5.77 -4.11 -0.12 c  
b) Determination of relation Cn = f(Fn)  on the loading-unloading process 
The dependency of the relation Cn = f(Fn) with respect to the loading-unloading 
process for varying nominal thicknesses of particle layers, which is represented by 
the curve fitting equations in Table 4.3 and Table 4.4, are shown in Figure 4.24.  
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Figure 4.24: Nonlinear contact stiffness-normal force relation on all loading branches 
for UCT for h1-2layer a), for h8layer b) and for h16layer c) 
It is visible that the relation Cn = f(Fn) is nonlinear due to the nonlinear stress-
strain behaviour of the layers, as described in Section 4.3.2.  
As seen in Figure 4.24, for all cases of h1-2layer, h8layer, and h16layer, Cn of the 
loading process is higher than of the unloading process, the Cn of the 2nd-4th branches 
is also higher than of the 1st branch. Here, the contact stiffness of the 1st loading 
branch and the 2nd-4th loading branch are named CnL1st and CnL2nd respectively, 
whereas the contact stiffness of the 1st unloading branch and the 2nd-4th unloading 
branches are also named CnUL1st and CnUL2nd, respectively. Comparing the loading-
unloading processes it can be said 
CnL2nd (Fn) > CnUL2nd (Fn)  > CnL1st  (Fn) > CnUL1st (Fn) (4.7) 
It is quite interesting to note that the effect of the nominal thickness of layers to 
the relation Cn = f(Fn) is revealed clearly by the following aspects: (1) if Fn increases, 
the increase of CnL1st of h16layer is much smaller than the increase of CnL1st of h8layer and 
h1-2layer; (2) the variation of Cn between the 1st loading branch and the 1st unloading 
branch for the case h16layer is much smaller than that of h8layer and h1-2layer. 
c) Determination of relation Cn= f(Fn) on different nominal thicknesses of the layer 
To investigate the influence of various nominal thicknesses of the particle 
layers on the relation Cn = f(Fn), results of this relation are shown in Figure 4.25. It 
can be seen that for all 2nd-4th loading branches, Cn of h1-2layer is approximately equal 
to Cn of h3layer, and is higher than that of h8layer and h16layer, as see in Figure 4.25 b). 
Also, in Figure 4.25 a) the relation Cn = f(Fn) of the 1st loading branches is displayed 
and Cn of  h1-2layer and Cn of h3layer and is much higher than Cn of h8layer and h16layer.  
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Figure 4.25: Nonlinear relation Cn = f(Fn) on varying nominal layer thicknesses for 
the 1st loading branch a) and for the  2nd loading branch b) 
The nonlinear relation Cn = f(Fn)  of all loading branches is explained by the 
compressive behaviour of granular materials divided into two main periods: a) in the 
initial period of loading process, the volumetric strain of particle layers is caused by 
the elastic deformation of the individual grains and the rearrangement of the particle 
layers. The relation Cn = f(Fn)  in this period is nonlinear and clearly revealed in the 
range of Fn = 0 - 15 kN; b) in the second period the volumetric strain of particles 
changes due to increase of broken particles causing the reduction of the density of 
particles. The result of relation Cn = f(Fn)  in this period, as shown in Figure 4.25, is a 
quasi-linear relation at high pressure levels.  
The relation Cn = f(Fn) of the 1st loading branches respecting to both h8layer and 
h16layer is much smaller than that of h1-2layer and h3layer. This can be explained by the 
rearrangement of the particles which is governed by the inelastic deformation, sliding 
and rolling of particles into the void volume, and pushing of particles laterally out of 
the compression zone for high layer thicknesses. The dependency of the relation      
Cn = f(Fn)  on various initial thicknesses of particle layers reveals clearly that the 
process of broken particles decreases in the first loading branch if the initial thickness 
increases, as shown in Figure 4.15 b) and c). The compression effectiveness of the 1st 
loading branch of h1-2layer is higher than that of h16layer because the rearrangement of 
the particle layer for h1-2layer is small.  
In Figure 4.25 a) and b), the influence of the relation Cn = f(Fn) of the 1st and 
the 2nd-4th loading branches on various thicknesses can be described as following. At 
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the end of the 1st loading process, the compaction of the particle layer is subjected to 
the elastic deformation, the rearrangement, the particle breakage, and hardened 
particles. It reaches a saturation state during the compression process. From the 
beginning of 2nd loading process to the subsequent compression process, the density 
is higher and the deformation of the particle layer mainly occurs due to broken 
particles. Therefore, the volumetric strain of the 1st branch is larger than of the 2nd 
branch which leads to the decrease of the contact stiffness. 
Furthermore, the dependency of the relation Cn = f(Fn)  on both the loading and 
unloading processes and the various layer thicknesses is plotted in three-dimensional 
space to show the relation Cn = f(Fn, h), as shown in Figure 4.26. Here, the values of 
h1-2layer, h3layer, h8layer and h16layer are defined by measuring the absolute displacement 
ho corresponding to the initial particle layer as shown in Figure 4.10 a) and 
represented by the initial height of h = 0.5, 1.0, 2.2 and 4.4 mm, respectively. It can 
be found that the difference between the relation Cn = f(Fn) of unloading and loading 
process is small in relation to the effects of thicknesses and the cycles. 
Based on the results of the relation Cn = f(Fn, h) of loading-unloading process 
on varying nominal layer thicknesses as shown in Figure 4.26, the curve fitting 
equations are defined. 
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Figure 4.26: Relation Cn = f(Fn, h) of loading-unloading process on varying nominal 
layer thicknesses 
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Figure 4.27: Relation of Cn vs. Fn vs. h for UCT the 1st loading branch a), the 2nd 
loading branch b) and the 2nd unloading branch c)  
These equations are used to describe the contact stiffness of particle layers which 
depends on the normal force and initial thickness for loading-unloading process. The 
results of the relation of Cn = f(Fn, h) of the 1st loading branch as well as the 2nd 
loading-unloading branches using the surface fitting approximation are plotted in 
three-dimensional space, as shown in Figure 4.27.    
The surface fitting approximation representing the relation Cn = f(Fn, h) for the 
1st loading branch is determined, which shows a good agreement with experimental 
results, and is expressed by  
  Cn (Fn, h) = p00 + p10∙Fn + p01∙h + p20∙Fn2 + p11∙Fn∙h + p02∙h2 +      
+ p30∙Fn3+ p21∙Fn2∙h + p12∙Fn∙h2 + p40∙Fn4 + p31∙Fn3∙h+ p22∙Fn2 ∙h2.                                                                                         (4.8) 
Furthermore, the surface fitting approximation for the 2nd loading branch-
unloading branches is written by  
Cn (Fn, h) = p00 + p10∙Fn + p01∙h + p20∙Fn2 + p11∙ Fn∙h + p30∙Fn3 +  
                   + p21∙Fn2∙h + p40∙Fn4 + p31∙ Fn3∙h.                                                               (4.9) 
The coefficients pij’s are coefficients which are defined by the general model in 
Matlab with i = 0 - 3 and j = 0 - 2, as given in Table 3.2.  
By a reduction of approximation equation down to a power of two the fitting 
factor is reduced from 96% to 94,5%. Therefore, the more complex approximation 
with a normal force using a power of four is used. 
Eq. (4.8) shows the dependency of Cn on the initial thickness h which is 
nonlinear because it influences strongly the volumetric strain of 1st loading branch. 
The dependency of Cn on the initial thickness h in Eq. (4.9) is linear because the 
initial thickness h has almost no effect to relation Cn = f(Fn, h) for the 2nd loading 
branch-unloading branches.     
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Table 4.5: Determination of coefficients of the surface fitting equations 
Setup UCT CCT 
Coefficients 2
nd
 
loading 
2nd 
unloading 
1st 
loading 
1st 
unloading 
2nd 
loading 
2nd 
unloading 
1st 
loading 
1st 
unloading 
p00 4.564 1.911 5.976 -1.072 3.661 4.092 4.441 1.635 
p10 9.154 9.112 8.035 8.434 7.088 6.49 6.595 6.331 
p01 -0.392 -0.5045 -3.065 -1.785 -0.4256 -1.228 -1.691 -2.32 
p20 -0.874 -0.865 -0.618 -0.652 -0.664 -0.618 -0.529 -0.505 
p11 
-0.429 -0.477 -2.363 -2.412 -0.465 -0.319 -1.549 -1.529 
p02 
0.00 0.00 0.3445 0.389 0.00 0.00 0.120 0.381 
p30 
0.0476 0.0469 0.0288 0.0305 0.0357 0.0336 0.0252 0.0241 
p21 
0.0235 0.0261 0.0963 0.0998 0.0254 0.0174 0.0706 0.0684 
p12 
0.00 0.00 0.1996 0.195 0.00 0.00 0.0882 0.0942 
p40 
-95·10-5 -94.1·10-5 -51·10-5 -54·10-5 -70·10-5 -67·10-5 -45·10-5 -43·10-5 
p31 
-56·10-5 -63.2e-5 -186·10-5 -196·10-5 -61·10-5 -42·10-5 -153·10-5 -147·10-5 
p22 0.00 0.00 -383·10-5 -370·10-5 0.00 0.00 -146·10-5 -151·10-5 
4.4.3 Results of relation Cn = f(Fn) for confined compression test  
The dependency of the relation Cn = f(Fn)  on the loading-unloading process as 
well as on varying thicknesses of layers for the test setup CCT is studied as well. To 
compare the results between UCT and CCT, the test setups as well as the 
experimental procedure have been kept constant, as given in Table 4.1 and        
Table 4.2. Moreover, the methods of the experimental data analysis carried out for 
both, the CCT and the UCT tests, are similar. All of the curve fitting equations of 
both loading-unloading branches for the CCT are similar to the UCT, given in   
Table 4.3 and Table 4.4.  
a) Determination of relation Cn = f(Fn) on the loading-unloading process 
In Figure 4.28, it can be seen that Cn of the loading process is larger than that of 
the unloading process, and Cn of the 2nd branches is also higher than of the 1st 
branches.  
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Figure 4.28: Nonlinear Cn = f(Fn) relation of loading-unloading processes for CCT 
for  h1-2layer a), for h8layer b) and for h16layer c) 
Similarly to the UCT, the nonlinear relation of Cn = f(Fn) of loading-unloading 
branches can be described with the same equations, Eq. (4.3), Eq. (4.4), Eq. (4.5) 
and Eq. (4.6). Also, the influence of the nominal thickness of layers on the relation 
Cn = f(Fn) of h16layer can be also found in Figure 4.28 c), which shows that the 
difference of Cn of the 1st branch of the loading and unloading process is not 
significant different.  
b) Determination of relation Cn = f(Fn) for varying nominal thicknesses of layers 
Based on the fitted curves of the relation Cn = f(Fn), as shown in Figure 4.29, the 
relation Cn = f(Fn) of the loading process for the varying thicknesses of layers can be 
described by the same expressions given by Eq. (4.3) and Eq. (4.4). The dependency 
of the relation Cn = f(Fn) on varying nominal layer thicknesses for the loading and 
unloading processes is shown by the plot in three-dimensional space in Figure 4.30. 
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Figure 4.29: Nonlinear relation Cn = f(Fn)  on varying nominal layer thicknesses h for 
the 1st loading branch a) and for the 2nd loading branch b) 
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Figure 4.30: Relation Cn = f(Fn, h) of loading-unloading process on varying nominal 
layer thicknesses 
It can be seen that the relation Cn = f(Fn, h) of the loading-unloading processes 
for CCT is similar shape to that of loading-unloading process for UCT. 
The relation Cn = f(Fn, h) of the 1st loading branch as well as the 2nd loading and 
unloading branches using the surface fitting approximations are shown in         
Figure 4.31. The surface fitting equations represent the relation of Cn = f(Fn, h), 
which are expressed by Eq. (4.8) and Eq. (4.9).  
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Figure 4.31: Relation of Cn vs. Fn vs. h for CCT; the 1st loading branch a), the 2nd 
loading branch b) and the 2nd unloading branch c) 
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4.4.4 Comparison of relation Cn = f(Fn) between UCT and CCT 
a) Comparison of relation Cn = f(Fn) on the loading branches between UCT and CCT 
To compare the dependency of the relation Cn = f(Fn) on different test setups like 
in UCT and CCT, as described in Section 4.1.2, the results of this relation 
represented by the curve fitting equations of all loading branches are shown in  
Figure 4.32. 
As shown in Figure 4.32 a), it is visible that with the same normal force, Cn of 
1st loading branch with h1-2layer for UCT is higher than for CCT, which is also true for 
the 2nd loading branch. However, Cn of the 1st loading branch with h16 layer for UCT is 
almost equal to that for CCT whereas Cn of the 2nd loading branch for UCT is higher 
than for CCT, see Figure 4.32 b).  
Moreover, to compare the relation of Cn = f(Fn, h), the dependency of the relation    
Cn = f(Fn) on various nominal layer thicknesses for UCT and CCT is plotted on the 
three-dimensional space in Figure 4.33 a). This comparison can be written by the 
following expression: 
CnL (Fn) for UCT > CnL (Fn) for CCT (4.10) 
The differences of the relation Cn = f(Fn) between UCT and CCT depend on the 
relation of Sn = f(Fn) and the initial layer height, which is determined by the 
displacement of particle layers during the compression process. 
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Figure 4.32: Nonlinear relation Cn = f(Fn) of the loading branches for UCT and CCT 
for h1-2layer a) and for h16layer b) 
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Figure 4.33: Relation of the Cn= f(Fn, h) on varying nominal layer thicknesses for 
UCT and CCT for loading process a) and for unloading process b) 
With the same test configuration, such as normal force, nominal layer thickness 
and experimental procedure, the displacement of particle layers of the 2nd loading 
branch for UCT is different for CCT. However, the relation Cn = f(Fn) of the 1st 
loading branch for h8 and h16 behaves different than that of h1-2layer and h3layer, as 
shown in Figure 4.33 a), because of the very slight difference of the Cn = f(Fn) 
relation between UCT and CCT. 
It can be seen that after performing the experiment, the particle distribution 
region including the broken particle area and the thrown sand region is different for 
both cases. The volumetric strain for UCT is expanded in both horizontal directions, 
as shown in Figure 4.5, whereas for CCT the volumetric strain is constrained 
laterally in the y direction. Therefore, the deformation of particle layers for UCT and 
CCT is significantly different for 1st loading branch for h8 and h16 because the 
rearrangement for UCT is larger than for CCT.  
b) Comparison of relation Cn = f(Fn) on all unloading branches between UCT and CCT 
The results of relation Cn = f(Fn)  for the unloading branches for UCT and CCT 
are displayed in Figure 4.34. Similarly to the comparison of loading branches, the 
expression of Eq. (4.5) and Eq. (4.6) can also be used to describe the relation          
Cn = f(Fn) on the unloading branches. Furthermore, the relation Cn = f(Fn) of 
unloading branches on various nominal layer thicknesses h for UCT and CCT is 
shown in Figure 4.33 b).  
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Figure 4.34: Nonlinear relation Cn = f(Fn) of the unloading branches for UCT and 
CCT for h1-2layer a) for h16layer b)  
It can be seen that Cn of unloading branches for UCT is higher than for CCT. 
However, Cn of the 1st unloading branch for h8layer and h16layer is almost equal to CCT, 
see Figure 4.34 b) and Figure 4.33 b). 
4.5 Summary 
In this study the uniaxial compression test method for both test setups, 
unconfined compression test (UCT) and confined compression test (CCT), is used to 
define the mechanical behaviour of particle layers with a wide range of pressure level 
and various thicknesses of the particle layers.  
From these results, the following statements can be drawn. 
The mechanical behaviour of the particle layers under uniaxial compression test 
for both, UCT and the CCT, agrees with previous studies, as reported by Wiącek et 
al. (2012), Shao (2005), Oztoprak and Bolton (2013), Omidvar et al. (2012) and 
Krabbenhoft et al. (2012) related to the stress-strain behaviour of granular materials. 
The relation Sn = f(Fn) is nonlinear, and depends on the number of loading-unloading 
cycles, on the initial thickness of particle layers, and on the test method. During the 
compression procedure, the displacement of the particle layers is described by the 
volumetric strain due to elastic deformations, rearrangements, particle breakage, and 
hardened particles. 
The relative displacement Sn of the loading branch is smaller than the 
unloading branch for the first cycle, whereas the relative displacement of the loading 
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branch is larger than the unloading branch for the third and fourth cycle. The relative 
displacement Sn of the first loading-unloading branch is larger than of the second, the 
third and the fourth loading-unloading branches. Also, the difference of the relation 
Sn = f(Fn) between the first branch and the remaining branches is found significantly 
whereas the differences between the second, the third, and the fourth branches are 
small.  
The curve fitting equations of all loading-unloading branches for the cases     
h1-2layer, h3layer, h8layer and h16layer are found to be in a good agreement with 
experimental results. Furthermore, appropriate approximation functions representing 
the dependency of the relation Cn = f(Fn)  on the initial thickness h, are determined.  
The results of this work are very helpful to understand the mechanical 
properties of particle layers under uniaxial compression. Furthermore, the appropriate 
approximation function of the global contact stiffness is an input function for the 
simulation of the wear process in three-body contact.   
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CHAPTER 5 
Experimental Investigation of Friction 
Characteristics and Wear Behaviour  
In the field of tribology, friction and wear are two main factors which play a 
significant role in research of the behaviour of triboelements in both, two-body and 
three-body contact. The complex wear problem in three-body contact depends 
thereby on many parameters. In this chapter, the influence of these parameters on the 
wear process is studied which is subdivided separately into two modules, 
investigation of the friction characteristics (Module 3) and study of the abrasive wear 
process (Module 4), as shown in Figure 5.1.  
In order to model and simulate the wear process in three-body tribosystem, it is 
necessary to characterize the dependencies of parameters on the wear behaviour. In 
this study, therefore, the friction characteristic and wear behaviour are investigated 
experimentally. Based on the results of experimental investigations, approximation 
functions of the friction coefficient, as well as approximation functions of the 
thickness of the particle layers, dependent on the applied load and the velocity are 
defined. Additionally, the influence of process parameters on the wear process in 
three-body tribosystem is studied critically.  
 
Three-body tribosystems
Friction characteristic 
Module 3
Abrasive wear process
Module 4
ExperimentExperiment
 
Figure 5.1: Modular flowchart for investigating friction and wear in three-body 
tribosystem 
Chapter 5. Experimental Investigation of Friction Characteristics and Wear Behaviour 
94 
 
Input parameters:
Sample material: Steel, Aluminium
Rotating disc material: Steel
Abrasive particles: Quartz sand
F  (N); v (mm/s)
n
Abrading time: 2 - 3 min
Output:
1. Friction coefficient 
µ  = f (F , v) : Steel, Aluminiumn
2. Mean thickness of particle layer
h  = f (F , v) : Steel, Aluminiumparlayer n
 hparlayer
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Rotating disc
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F  n
F  r
v
Three-body tribosystem Sample
Plate - ball - plate
Force sensor
a) b) 
Rotating disc
Plate
Sample holder
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Figure 5.2: Schematic representation of a three-body tribosystem to investigate the 
friction characteristic a) and photo of main parts of the tribometer test rig b) 
This section mainly aims to present experimental results of tribometer tests. 
These experimental investigations focus on the friction behaviour of tribosystem, as 
well as on the thickness of abrasive particle layers. The coefficient of friction µ and 
the thickness of particle layers hparlayer are two important parameters that 
predominantly affect the wear process. To simulate the wear process, the function of 
these parameters, dependent on the normal force and the velocity, plays a significant 
role as an input function of the wear equation. 
The schematic representation of the three-body tribosystem is illustrated in 
Figure 5.2 a) which includes a sample sliding on a rotating disc with presence of 
abrasive particles. The friction characteristic is characterized by the global friction 
coefficient of the tribosystem that is calculated by dividing the normal force Fn by the 
friction force Fr. The assumption is made that many abrasive particles in the contact 
zone are characterized by a solid particle layer, and the thickness of the abrasive 
particles is represented by a gap.  
In previous research, it was found that the friction characteristic and the gap in 
three-body tribosystem are dependent on many parameters, e.g. applied load, 
velocity, material properties of sample and disc, particle properties as particle size 
and particle shape, … as reported in Yousif et al. (2010), Xu (2009), Xie and 
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Bhushan (1996), Trezona and Hutchings (1999), Rabinowicz and Mutis (1965), Fang 
et al. (1991), Quercia et al. (2001), Popov et al. (2002), Adachi and Hutchings (2003), 
Chaiwan, Hoffman and Munroe (2006) and Abdul Hamid et al. (2012). In this 
section, however, dependencies of the friction characteristic on the applied load, the 
velocity, the material of the sample, sliding distance, and the surface roughness are 
investigated experimentally. 
As mentioned in Chapter 2, the wear curve in general is divided into three 
phases such as running-in, steady-state and catastrophic phase. However, the wear in 
the steady-state phase is considered to be the main characterization of the wear 
behaviour during the operating lifetime of worn machine components.  
Beside the coefficient of friction affecting the wear behaviour, the abrasive 
particle layer also influences the wear characteristic in three-body tribosystem, as 
reported by Misra and Finnie (1983), Dwyer-Joyce and Lewis (2006) and Shao 
(2005). Therefore, the dependency of particle layer thickness on the normal force, the 
velocity and different materials with the test setup for the short sliding distance in 
Table 5.1 is examined as well. Furthermore, the dependency of the friction 
coefficient on the applied load, the sliding distance and various materials is proposed 
to examine with the test setup for the long sliding distance in Table 5.2. 
Abrasion is a progressive material removal from the contacting surfaces during 
the wear process, which leads to changing working conditions of the equipment, 
especially of wear in state transformation from the running-in phase to the steady-
state phase.  The research questions raise like how the friction coefficient depends on 
initial surface roughness and sliding distance. Therefore, the initial surface roughness 
parameter is considered as an important factor affecting the friction characteristic in 
the running-in stage. The relationship between the friction coefficient and the initial 
surface roughness, the short sliding distance with the test configuration in Table 5.3 
is investigated as well.  
The overall investigation on friction characteristics and on gap which describes 
the particle layer thickness in three-body contact is shown in Figure 5.3. In the 
literature, abrasive wear is generally defined as the progressive loss of material per 
time or sliding distance, which depends on the wear parameters, e.g. applied load, 
velocity and wear material for certain tested configuration.  
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Figure 5.3: Schematic diagram of investigation of the friction coefficient a) and 
investigation of the gap b)  
Wear is usually quantified in terms of the volume of material removed, the mass 
removed, or the change in some linear dimension after wear. During the wear 
process, linear changes in geometric parameter as the reduction in height of the 
sample are determined here by the wear calculation based on mass loss per abrading 
time or sliding distance. Measurement of mass loss is in principle comparatively 
straightforward, and it is used to calculate the wear rate or the wear intensity. 
To investigate the wear behaviour experiments are performed by changing the 
applied load Fn and velocity v over a wide range. Furthermore the wear process, 
which changes also over time, is studied by measuring weight loss of the samples 
with respect to abrasion time of predefined short and long sliding distance. 
In this study, the wear process in three-body tribosystem, illustrated in       
Figure 5.4 a), is investigated by the wear depth and the wear intensity. Here, the wear 
depth is defined as the reduction of height hsam of the sample. The wear intensity is 
characterized by dependency of the mass loss on density of the wear material, on 
contact area, and on sliding distance. The calculation of the wear intensity is given by 
an expression, as referred by Heinrich (1995)  
WI =	 ∆	
∙∙ (5.1) 
Where WI is wear intensity [-], ∆m mass loss (g), A nominal contact area (mm2), 
ρ density of wear materials (g/cm3), and SL sliding distance (m). 
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Figure 5.4: Schematic representation of three-body tribosystem to study wear process 
a), and schematic diagram of investigation of wear b) 
The overall investigation on wear process in three-body contact is shown in 
Figure 5.4 b). Here, the dependency of both the wear depth and the wear intensity on 
the applied load, the velocity, the sliding distance and various materials is 
investigated with the test setup for the long sliding distance, shown in Table 5.2. The 
relation of the wear intensity and the short sliding distance on different initial surface 
roughnesses with the test setup of Table 5.3 is examined as well.  
5.1 Tribometer Test Rig 
5.1.1 Basic operating principle of test rig 
To investigate the friction characteristic and the wear behaviour in three-body 
contact, a tribometer test-rig is employed for experiments, as shown in Figure 5.5 a). 
The operating principle of the tribometer test rig is based on the relative motion 
between a rotating disc and a sample, which is responsible for the wear and for the 
physical mechanisms by which the material is removed. This wear test is designed to 
produce specific type of relative sliding motion dependent on the installed loads or 
speeds, which leads to different wear rates. Figure 5.5 b) shows a schematic 
representation of main parts of the test rig including a sample sliding on a rotating 
disc in the presence of continuous supply of abrasive particles. Due to the continuous 
contact of the sample its wear intensity is larger than of the disc. For the each point of 
the disc only an intermittent contact takes place.  
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Figure 5.5: Photo of tribometer test rig a) and schematic representation of main parts 
of tribometer test rig b)  
5.1.2 Structure of main parts of tribometer test rig 
The main structure of the test-rig consists of a rotating disc, a motor, the 
machinery frame, a loading structure, and a control system of the rotating speed, 
which have been build up by the Institute for Machine Elements, Design and 
Manufacturing (IMKF), as described in Doan et al. (2012). To expand the range of 
test parameters, some main parts are developed like a new loading structure and a 
new particle hopper.  Afterwards, measuring devices such as a force sensor and two 
laser devices that are used to measure the displacement of the sample and the 
revolution of rotating disc, are also added, see Figure 5.5 b).  
A new component of the tribometer test rig is the loading structure that consists 
of two supporting plates on which four guiding bars are fixed. A 3-axial force sensor 
is coupled with the moving structure by a plate-ball-plate, and a sample holder on 
which a sample is fixed, as shown in Figure 5.6.  
The principle of the loading structure is designed to satisfy three following 
properties. First, the movement of the loading structure has to be sensitive in the 
vertical direction, perpendicular to the movement of the rotating disc. Because the 
rotating disc has an out of roundness, the loading structure must compensate this 
movement. Therefore, the movement of the loading structure must work well and the 
eight adjustable wheels on the guiding bars must have small friction. 
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Figure 5.6: Scheme of the loading structure, particle hopper and particle box a) and 
photo of the loading structure b) 
Moreover, a superposed reciprocating oscillation of the loading structure can 
lead to a decreased friction of the tribosystem. Second, the stiffness of the loading 
structure, therefore, must be high to avoid vibrations of the tribosystem. Due to 
roughness on the surface of the rotating disc and the sample, this leads to varying 
contact conditions and self-induced excitations. Third, to expand the range of the 
applied load of the tribometer test rig the applied load is increased up to 200 N which 
is realized by weights, see Figure 5.6 a).   
The normal force Fn and friction force Fr are measured by a 3-axial force 
sensor, Kistler 9047C. The force sensor is mounted between the moving structure and 
the plate-ball-plate. This specific component, the plate-ball-plate, includes a plate, a 
ball, and a second plate which can be aligned to each other by three screws and thus 
the parallelism of the sample and the disc can be adjusted. The initial sample surface 
and the disc surface are not totally in contact because the original sample surface is 
not completely flat. This leads to local contact situations in which local wear occurs, 
as well as induces vibration of the system. Therefore, the adjustment of initial gap via 
the plate-ball-plate is necessary to reach the nominal contact area as good as possible. 
Under the plate-ball-plate a sample holder is fixed on which the sample can be 
mounted or dismounted. The samples were cut from L-profile of steel or aluminium 
with a nominal contact surface of 45 x 25 mm and a feed angle of 3 x 45°. The initial 
contact surface of the sample is manufactured by grinding, or milling, or shaping to 
obtain different initial roughnesses. On the rotating disc also steel plates with specific 
surface qualities are mounted. 
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The significant characteristic to distinguish the wear process between two-body 
contact and three-body contact is the presence of abrasive particles in the contact 
region. Therefore, in three-body contact between the sample and the rotating disc an 
abrasive particle layer is installed. That leads to a simultaneously different interaction 
between the particle layer and the sample surface, and between the particle layer and 
the disc surface. A particle hopper is employed for a continuous supply of abrasive 
particle during tests. On the bottom of the hopper, a particle box is mounted to adjust 
the gap between the box and the disc. So it is possible to control the feed rate of the 
abrasive particles and kept the height of particle layer independent of the rotational 
speeds of the disc, as seen in Figure 5.6.  
Because broken particles and wear debris influence the wear process, a vacuum 
cleaner is utilized to clean the used particles and wear debris. This ensures that 
always new abrasive particles are supplied during tests.   
To define the thickness of the abrasive particle layers in contact region, a laser 
device from Micro Epsilon (ILD 2200) is employed to measure the displacement of 
the sample. Additionally, a Pocket Laser Tach (PLT 200) is used to measure the 
number of revolution in order to calculate, e.g. the thickness of the particle layer for 
each revolution.   
5.2 Test Configuration 
5.2.1 Setup for a short abrading time 
To investigate the friction characteristic of tribosystem for different materials, a 
series of experiments is performed with steel sample and aluminium sample. For the 
conducted tests, the initial gap between the sample surface and the surface of the 
circular plate without particles has been kept constant. The particle size, the particle 
shape and the thickness of the abrasive particles are important parameters that affect 
the wear process due to the influence of kinematics of abrasive particles on the wear 
behaviour. In this study, the Quartz sand grades HB 34 from Hohenbocka plant is 
used to investigate the friction characteristic and the wear behaviour. The distribution 
of the grain size is shown in Figure 5.7 a). Silica sand, in the pure form is chemically 
the same as Quartz, i.e. SiO2 referred to as Quartz sand or simply sand. In general, 
sand particles are almost rounded in shape, as shown in Figure 5.7 b), and it has a 
Moh’s Hardness of 7.  
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Figure 5.7: Grain size distribution of quartz sand HB 34 from Hohenbocka plant a) 
and SEM micrograph of quartz sand b)    
The roughness profile of both the sample and the plate is characterized by two 
significant parameters: mean roughness depth Rz and average roughness Ra. These 
parameters are measured by a roughness tester from Hommel, T1000. Series of tests 
to examine the friction coefficient and the thickness of abrasive particle layer in 
contact are carried out on the tribometer test rig with varying velocities from 20 to 
400 mm/s, and applied loads from 50 to 200 N. For each experiment, the abrading 
time is controlled in the range of 2-3 min. For further test details see Table 5.1.  
Table 5.1: Test configuration for short abrading time 
Description of parameters  Range 
Steel sample  
- initial mean roughness depth  Rz;steel 
- initial average  roughness Ra;steel 
- dimension of sample  
- number of samples 
 
25 - 35 µm 
3 - 5 µm 
45 x 25 x 5 mm 
1 
Aluminium sample 
- initial mean roughness depth  Rz;alu 
- initial average  roughness Ra;alu 
- dimension of sample  
 
30 - 45 µm 
5 - 8 µm 
45 x 25 x 4 mm 
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- number of the samples 1 
Circular steel plate 
- initial mean roughness depth  Rz;plate 
- initial average  roughness Ra;plate 
- dimension of plate 
 
25 - 35 µm 
3 - 5 µm 
φ 300 x 10 mm 
Abrasive particle layer 
- sand size  
Dry silica sand  
125 - 355 µm 
Test parameters 
- applied load 
 
50; 100; 150; 200 N 
- velocity   20; 50; 100; 200; 300; 400 mm/s 
- abrading time 2 - 3 min 
For the conducted tests, the experimental procedure has been kept constant with 
following steps. 
Step A: The predefined normal force is applied by adding weights on the loading 
structure or subtracting weights by a pulley mechanism. 
Step B: First, the rotating disc is turned on and controlled by a motor and moves 
to the predefined position marked by two points on the disc, which corresponds to 
another marked point which is used to define the starting time of each revolution of 
the rotating disc, as shown in Figure 5.8 a). Second, the surface of the disc is cleaned 
by a vacuum cleaner. Afterwards, the contact gap between the sample and the disc is 
adjusted by the plate-ball-plate mechanism so that the real contact area reaches the 
nominal contact area as good as possible. Third, before the loading structure is 
dropped down on the disc, the measuring device of Fn and Fr are reset to 0. When the 
sample surface completely interacts with the disc surface, the laser device for the 
displacement of the sample, representing ho, is also reset to 0. Meanwhile, the 
revolutions of the disc are measured by laser device and Fn and Fr are measured as 
well. 
Step C: After a measurement time of about 15 sec, the loading structure is lifted 
while the disc is controlled for one revolution with the presence of abrasive particles. 
The thickness of particle layer distributed on the disc is controlled by the gap 
between the particle box and the disc, and has been kept constant for all tests.  
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Figure 5.8: Schematic diagram of the experimental procedure for the setup of 
tribosystems in two-body contact a), in three-body contact with respective to initial 
thickness of particle layer ho,parlayer b) and in three-body contact with the thickness of 
particle layers after each revolution hparlayer c) 
When the disc is moved and stopped at the marked position, see Figure 5.8 b), 
the loading structure is dropped down again. The abrasive particle layer is 
compressed in the contact zone and the initial thickness of the particle layer ho,parlayer 
is measured at the same position of the disc as in step B.  
  Step D: The disc is controlled to reach predefined velocity, and the abrading 
time is set to 2 to 3 min depending on the velocity of the disc. During the 
experimental time, four values, normal force Fn, friction force Fr, displacement of the 
sample hdis, and number of revolutions Nrel of the disc, are measured simultaneously.  
The thickness of the particle layer hparlyer at the marked position of the disc for 
each revolution is measured by the displacement of the sample, neglecting the wear 
effect of the sample, as shown in Figure 5.8 c). The used particle layers which are 
mixed by original particles, broken particles and wear debris are cleaned by a vacuum 
cleaner.  
5.2.2 Setup for the long sliding distance 
The test configuration for long sliding distance is done to investigate the wear 
behaviour and the friction characteristic over longer time for different sample 
materials, steel and aluminium, with the test parameters shown in Table 5.2. The 
experimental conditions of all tests such as the contact area of the sample, the surface 
roughness of the circular plate, the abrasive particles, and the feed rate of particles are 
kept constant in all cases. To concentrate on studies of wear process in three-body 
contact, for each experiment a new sample is used with nearly the same initial 
roughness. 
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Figure 5.9: Initial surface roughness of steel sample a) and aluminium sample b) 
In this setup, 27 steel samples and 6 aluminium samples are used to perform 
experiments for which the wear and friction behaviour are studied in the range of 
predefined sliding distance of 500 m, 1000 m, 1500 m, and 2000 m and for velocities 
between 100 and 400 mm/s as well as for applied loads between 50 and 200 N. The 
schematic representation of the initial surface profile of both materials is shown in 
Figure 5.9.  
Each experiment corresponding to predefined test parameters such as the normal 
force, the velocity and the respective sliding distances is conducted on the tribometer 
test rig. Further information is given in Table 5.2.  
Table 5.2: Test configuration for long sliding time 
Description of parameters  Range 
Steel sample  
- initial mean roughness depth  Rz;Steel 
- initial average  roughness Ra;Steel 
- dimension of sample  
- number of samples 
 
0.5 -1.5 µm 
0.27 µm 
45 x 25 x 5 mm 
27 
Aluminium sample 
- initial mean roughness depth  Rz;Alu 
- initial average  roughness Ra;Alu 
- dimension of sample 
- number of samples 
 
0.5 -1.5 µm 
0.27 µm 
45 x 25 x 4 mm 
6 
Circular steel plate  
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- mean roughness depth  Rz;plate 
- mean average  roughness Ra;plate 
- dimension of plate 
25 - 35 µm 
3 - 5 µm 
φ 300 x 10 mm 
Test parameters 
- applied load 
 
50; 100; 200 N 
- velocity 100; 300; 400 mm/s 
- sliding distance 500; 1000; 1500; 2000 m 
The experimental procedure to investigate friction characteristic and wear 
behaviour is implemented as follows. Before performing experiment the sample is 
weighted by an electronic balance with high precision of 0.001 g. In general, steps of 
experimental procedure for long sliding distance are similar to that for short sliding 
distance. However, the laser devices for measuring the displacement and the 
revolution of the rotating disc are not installed in this test configuration. 
 The test setup for long sliding distance focuses on studies of the wear process. 
Therefore, at least one experiment is conducted over a sliding distance of 2000 m to 
study the influence of the sliding distance on the wear. For each sliding distance of 
500 m, Fn and Fr are measured for two minutes at the beginning time and at the 
ending time to examine the influence of the friction characteristics on the wear 
process. After each sliding distance of 500 m, the weight of the sample is measured to 
define how much material of the sample is lost.  
5.2.3 Extended setup for long sliding distance 
In order to investigate the wear characteristic and friction behaviour of three-body 
tribosystem in the running-in phase, steel samples with different initial surface 
roughnesses are used to perform experiments for sliding distance in the range from 25 
to 500 m, see in Table 5.3.  
For the conducted tests, the testing conditions are kept constant as in the case of 
the long sliding distance. However, the significant difference of this setup is various 
initial surface roughnesses of the sample that play an important role for wear in the 
run-in phase. A schematic representation of the initial surface profile for a smooth 
and a rough sample is shown in Figure 5.10. 
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Figure 5.10: Initial surface roughness of the steel sample corresponding to Rz1,steel 
and Ra1,steel a) and  Rz2,steel and Ra2,steel b) 
One representative test setup is chosen to perform these experiments with the 
predefined parameters for the applied load of 200 N and for the velocity of 300 mm/s. 
In this setup, 2 steel samples with different initial roughnesses, Ra1,sam and Ra2,sam < 
Ra1,sam are carried out on the tribometer test-rig with predefined sliding distance of 
100 m, 200 m, 300 m, 400 and 500 m. Furthermore, 2 other steel samples with initial 
roughnesses, Ra1,sam and Ra2,sam < Ra1,sam are conducted for short sliding distance of  
25 m, 50 m and 100 m. The test configuration is listed in Table 5.3. Also, the 
experimental procedure for short sliding distance is similar to that for long sliding 
distance. 
Table 5.3: Test configuration for short sliding distance 
Description of parameters  Range 
Steel sample 
- initial mean roughness depth  Rz1;steel 
- initial average  roughness Ra1;steel 
- number of samples 
 
55 - 65 µm 
10 µm 
2 
Steel sample  
- initial mean roughness depth  Rz2;steel 
- Initial average  roughness Ra2;steel 
- number of samples 
 
0.5 - 1.5 µm 
0.27 µm 
2 
Applied load 200 N 
Velocity 300 mm/s 
Sliding distance 25; 50; 100; 200; 300; 500 m 
Chapter 5. Experimental Investigation of Friction Characteristics and Wear Behaviour 
107 
 
5.3 Influence of Factors on Friction Characteristics of Tribosystem     
 There are many factors affecting measurement during tests. To avoid systematic 
errors, it is necessary to analyse problems and solve them. Some significant factors 
that result in problems of the tribosystem are considered, which include the initial gap 
ho, the gap of the rolling wheels and the displacement of the moving structure. 
5.3.1 Influence of the initial gap ho 
The gap ho is the initial gap between the sample and the disc when the loading 
structure is dropped down on the disc without abrasive particles. Because the surfaces 
are not completely flat, it is possible that the surfaces are not parallel to each other, as 
shown in Figure 5.11 a) and b). This leads to local contact problems in three-body 
tribosystem, which are analysed for some following reasons: 
(1) If a local contact situation occurs, the pressure distribution is not constant on 
the sample surface. The local contact area results in higher contact pressure than the 
nominal contact pressure, whereas the other region of the sample has no contact. 
Therefore, the local contact changes the characteristic of local wear, and induces 
unwanted self-excited vibrations of the system.    
In general, the local contact problems bring out the change of the test conditions 
such as contact behaviour of the triboelements occurring in two-body contact or 
three-body contact, or even in mixing two-body contact and three-body contact. This 
leads to differences in the friction characteristics as well as wear behaviour.  
(2) If the local contact situation occurs as illustrated in Figure 5.11 a), the gap at 
the feed-in area is smaller than the smallest particle size, and thereby abrasive particle 
could not come in the contact area.  
Force sensor
Sample
F  n
v
Sample holderLocal contact area
ho
Sample
F  n
v
Sample
F  
n
v
Contact area
a) b) c)
ho ho
 
Figure 5.11: Schematic representation of local contact situation occurring at the 
entrance of the contact region a), at the exit of the contact region b) and the contact 
area after adjustment of the ho c) 
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This leads to the same contact behaviour as in two-body contact, which results in 
a difference of the friction characteristic in comparison with three-body contact.  
  (3) If the local contact situation takes place as shown in Figure 5.11 b), the 
initial gap ho at the entrance of the contact region is much larger than the largest 
particle size. This leads to the local wear behaviour at the local contact area, which 
results in different friction coefficient. Another effect is a mixture of two and three-
body contact which induces more unwanted excitation of the system. 
(4) Based on these influences on the friction characteristic of the tribosystem, it 
is necessary to adjust the initial gap ho to satisfy two conditions before performing 
experiments, as shown in Figure 5.11 c). First, the real contact area should reach 
nominal contact area as much as possible to reduce local contact regions. Second, to 
avoid the contact situation as in two-body contact, ho at the entrance of the contact 
area is adjusted so that the gap is approximately equal to the mean particle size. The 
adjustment of the initial gap ho is implemented by the plate-ball-plate, see Figure 
5.12 a).   
5.3.2 Influence of friction between rollers and guiding bar 
Due to an out of roundness of the disc there is a change of the absolute position 
of the disc over one revolution, so the sample moves up and down a little bit. To 
avoid changing normal force Fn also the loading structure has to move up and down 
sensitively correlating to the contact behaviour between the sample and the disc. For 
this reason, the moving mechanism of the loading structure is designed by eight 
rollers moving along the guiding bars, as shown in Figure 5.12 b).  
Plate - ball - plate
a) b) c)
Plate
Force sensor
Moving structure
Wheel
Guiding bar
Measuring pointPlate
Ball
 
Figure 5.12: Photo of the plate-ball-plate a), the moving structure b) and position for 
measuring displacement of the sample 
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Figure 5.13: Scheme of displacement of the sample for inclination angle of the disc 
αmin a), for  α = 900 b), for αmax c), and displacement of sample vs. one revolution d) 
It is necessary to adjust the rollers before performing experiments because of two 
following reasons. First, if the tolerance of the gap between rollers and guiding bar is 
large, the loading structure can perform horizontal vibrations. This leads to errors, 
especially when measuring the displacement of the sample. Second, if the tolerance 
of the gap is too small, the motion of the loading structure is not sensitive and strong 
variation of the normal force Fn occurs.    
5.3.3  Influence of the out of roundness of the disc  
To define the thickness of abrasive particle layer hparlayer after each revolution of 
the disc, it is necessary to measure the displacement of the sample hdis. Because an 
out of roundness of the disc exits, as shown in Figure 5.13 a), b) and c), the 
displacement of the sample differs over one revolution, depending on the inclination 
angle of the disc. Therefore, the motion of the sample is cyclic reciprocation in each 
revolution of the disc. The displacement of both the disc and the sample without 
particle layers are described in Figure 5.13 d).  
 hparlayer
 h =0o
 hparlayer
a) b)
 Displacement
 Revolution
 with particle layer
 without particle layer
 hdis
 
Figure 5.14: Displacement of both the disc and the sample vs. one revolution a) and 
the gap hparlayer with particle layer b) 
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Furthermore, the displacement of the sample and the disc in the condition of 
three-body contact is shown in Figure 5.14 a) and b). It is displayed that hparlayer is 
periodic with the revolution of the disc, which has been verified by some 
measurements, cp. Figure 5.15 and Figure 5.16. To measure to the displacement of 
the sample, the middle point on the sample surface is chosen, as shown Figure 5.12 
c) and Figure 5.14 b). 
5.4 Experimental Results of Friction Characteristic 
5.4.1 Analysis of measured data 
In this section, the influence of different parameters on the friction characteristics 
and on the height of particle layer is studied. The total 144 experiments were 
implemented to analyse the friction characteristic. The values of normal force Fn, 
friction force Fr, displacement of the sample hdis, and the number of revolutions Nrel 
are measured simultaneously during the test time. The measured values of the normal 
force Fn, friction force Fr and displacement hdis during the whole testing time of one 
experiment are displayed as an example in Figure 5.15 a). In this figure, the initial 
gap ho without abrasive particles and the initial thickness of the particle layer 
ho,parlayer, are shown as well. 
The analysis of measured data is implemented for all experiments as follows. 
First, to calculate the friction coefficient µ and the gap, based on the original 
measured data, it is important to define the starting time of each revolution, which is 
measured by the Pocket Laser Tach.  
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Figure 5.15: Measured values of Fn, Fr and hdis vs. time for the mean normal force of 
Fn = 100 N and v = 50 mm/s a) and Fn, Fr and µ vs. time for first four rounds b)    
Chapter 5. Experimental Investigation of Friction Characteristics and Wear Behaviour 
111 
 
 
a) b)
 
h p
ar
la
ye
r
1st round
Defined gap at
2nd round
4 rounds
Starting time for
each revolution
one round
 2nd round
 
D
isp
la
ce
m
en
t h
 
 
(m
m
) 
di
s
 
D
isp
la
ce
m
en
t h
 
 
(m
m
) 
di
s
 
Re
v
o
lu
tio
n
 
(ro
u
n
d) 
 Time (s)  Time (s)
ho
 
Figure 5.16: Measured displacement vs. time during four revolutions for the mean 
normal force of Fn = 100 N and v = 50 mm/s a) and defined values of hparlayer in each 
revolution b) 
The starting time of each revolution is used to determine the gap, as described in 
Figure 5.8, and to count the number of revolution of the disc. Second, to compare the 
experimental results for all experiments over the same sliding distance, the number of 
revolutions is set to four rounds. The global friction coefficient µ is calculated by the 
mean values of Fn and Fr with µ=Fr/Fn during these rounds, so µ is determined over 
the same sliding distance for all experiments. Third, the representative gap hparlayer at 
one special point of each revolution is defined based on the measured displacement of 
the sample, as shown in Figure 5.16 b). 
In Figure 5.15 b), it is visible that the mean values of Fn and Fr are quite constant 
during the test time with the particle layer, whereas the values of Fn and Fr fluctuates 
periodically over one cycle due to the out of roundness of the disc, as shown in 
Figure 5.16 a). 
5.4.2 Influences of velocity and applied load on the friction coefficient 
The comparison of Fn and Fr for the same mean value of Fn =100 N, but for 
different velocities are shown in Figure 5.17 a). It is visual that the amplitude of Fn 
for the velocity of 400 mm/s is larger than for the velocity of 50 mm/s, whereas the 
mean values of Fn are nearly the same. It can be seen that the amplitude of Fn depends 
on the velocity. If the velocity increases, also the vibration frequency of the loading 
structure increases. Additionally, friction force Fr is quite constant and the friction 
coefficient for velocity of 400 mm/s is smaller than for velocity of 50 mm/s. 
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Figure 5.17: Measured values of the Fn and Fr vs. time with the same value of normal 
force a) and with the same velocity b)  
It is displayed that the amplitude of Fr is small which is almost independent on 
the velocity. Therefore, the loading structure has no strong vibration in the direction 
perpendicular to the applied load.  
In Figure 5.17 b), the measured values of Fn and Fr vs. time are shown with the 
same velocity of 400 mm/s, but for different mean values of the normal force. The 
amplitude of Fn for an applied load of 200 N is nearly the same than for an applied 
load of 100 N. This indicates that the vibration frequency of the loading structure is 
not influenced strongly by the applied load. However, the influence of the applied 
load on the friction force Fr is shown clearly. If the applied load increases, also Fr 
increases. It can also be seen that the oscillations of Fr for Fn = 200 N are higher than 
for Fn = 100 N.   
Furthermore, the dependency of the gap on the velocity is displayed in       
Figure 5.18 a). If the velocity increases, the gap increases as well. It can be seen that 
with a velocity increase, the number of displacement cycles of the sample also 
increases, which leads to the increased self-excited phenomenon inducing the 
vibration of the tribosystem.  
To examine the effect of the applied load on the gap with the same velocity, the 
relation of the gap dependent on the time is shown in Figure 5.18 b). The influence 
of applied load on the thickness of the abrasive particle layer is clearly visible. If 
increasing the applied load, the thickness of the particle layer decreases. 
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Figure 5.18: Measured values of the gap
 
vs. time with the same applied load a) and 
with the same velocity b) 
Based on analysis of experimental results, cp. Figure 5.17 and Figure 5.18, the 
dependency of the friction coefficient as well as the gap on the process parameters 
and on the different materials are examined critically. 
Derived from the studies of sliding bearings, the friction coefficient µ depends 
on a lubricant film layer between the sliding surfaces. The Stricbeck characteristic of 
µ depending on velocity is shown in Figure 5.19 a). A boundary lubricant is essential 
under the operating condition of the sliding bearings because it works as an 
intermediate layer to avoid the direct interaction between the asperities of contacting 
surfaces sliding to each other, as reported in Bowden (1986) and Fleischer (1980). 
Especially under mixed lubrication condition correlating to the contact surfaces that 
are partially separated by a lubricant film, µ decreases if increasing the velocity. 
 
Figure 5.19: The Stribeck curve Bowden (1986) a) and schematic representation of 
three-body tribosystem b) 
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In three-body tribosytems, as shown in Figure 5.19 b), the sample and the disc is 
also separated by a particle layer correlating to the contact behaviour of lubricated 
sliding bearings. Therefore, the particle layer hparlayer is considered as an intermediate 
layer. Consequently, the friction characteristic of the tribosystem may behave similar 
to the friction characteristic of the lubricated sliding bearings.   
In order to define the dependency of the friction coefficient µ on the velocity 
and on the applied load, the weighted least-squares method for curve fitting in a 
three-dimensional scatter plot is used. It is necessary to determine one approximation 
function which characterizes the dependency of the friction coefficient µ on velocity 
v and on the applied load Fn. The procedure to find an approximate equation in 
Matlab is implemented as follows. First, a series of defined values of µ depending on 
the velocity and on the applied load are plotted by discrete points. Second, from a set 
of three-dimensional scatter plots, an approximation function is defined by a surface 
fitting for all experimental results.  
For the steel sample       
To show visually the dependency of friction coefficient µ on velocity v and on 
normal force Fn, the discrete points corresponding to results of the total 72 
experiments and the surface fitting are plotted together in three-dimensional space, as 
shown in Figure 5.20.  
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Figure 5.20: Three-dimensional visualizations of relation of friction coefficient µ vs. 
velocity v vs. normal force Fn for steel sample; nonlinear approximation of                
µ= f(v) a) and nonlinear approximation of µ= f(v, Fn)  b) 
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Basically, from the analysis of the curve fitting model, it is possible to select 
nonlinear approximate equations that express the nonlinear approximation of µ = f(v) 
in Figure 5.20 a) and the nonlinear approximation of µ = f(v, Fn) in Figure 5.20 b).  
If comparing between the nonlinear approximation  and linear approximation, 
based on the goodness of the fitness of the curve fitting as well as the tendency of the 
dependence of friction coefficient on velocity and normal force, the nonlinear 
approximation of µ = f(v, Fn) is selected, see in Figure 5.20 b). It is displayed that the 
friction characteristic depends almost linearly on the normal force Fn and nonlinear 
on the velocity. Furthermore, the relation µ = f(v, Fn) is shown that with an increased 
velocity the friction coefficient decreases, whereas the friction coefficient increases if 
the normal force increases. 
Therefore, the dependency of µ on v and Fn for the steel sample is expressed by 
surface fitting equation. This approximation function is written by 
µ (v, Fn) = p00 + p10·v + p01·Fn + p20·v2 + p11·v·Fn (5.2) 
p00, p10, p01, p20 and p11 are coefficients listed in Table 5.4 
Table 5.4: Coefficients of the surface fitting equations  
Material 
Coefficients 
p00 
[-] 
 p10 
[s·mm-1] 
 p01 
[N-1] 
 p20 
[s2·mm-2]
 
    p11 
[s·mm-1·N-1] 
Steel 0.179 -9.352·10-5 31.19·10-5 1.678·10-7 -4.329·10-7 
Aluminium 0.219 -9.159·10-5 7.345·10-5 1.458·10-7 -3.297·10-7 
For the aluminium sample       
In the same way as for the steel sample also for the aluminium sample relation 
between friction coefficient and velocity as well normal force are investigated. 
Results of µ = f(v, Fn) which correspond to the total 72 experiments are plotted with 
discrete points in three-dimensional space. From a set of scattered points, the surface 
fitting approximations are defined by fitting on all discrete points with the best 
approximation, as shown in Figure 5.21.  
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Figure 5.21: Three-dimensional visualizations of relation of friction coefficient µ vs. 
velocity v vs. normal force Fn for aluminium sample; nonlinear approximation of           
µ= f(v) a) and nonlinear approximation of µ= f(v, Fn)  b) 
Similar as for the steel sample, the linear approximation of µ = f(v) for the 
aluminium sample is shown in Figure 5.21 a) and the nonlinear approximation of     
µ = f(v, Fn)  is shown in Figure 5.21 b). Based on comparing the two surface fitting 
approximations between nonlinear and linear fitting surface, as well as consideration 
of the dependence of friction coefficient on velocity and on normal force, nonlinear 
approximation of µ = f(v, Fn) is also selected. 
 The dependency of µ on v and Fn for the aluminium sample is represented by 
the surface fitting equation which is the same as before, see in Eq. (5.2). Coefficients 
of the surface fitting equation are given in Table 5.4. 
The influence of the velocity on the friction coefficient for the aluminium sample 
is similar to that for the steel sample, which is shown that the friction coefficient µ 
decreases if the velocity v increases, as shown in Figure 5.21 b). However, the 
influence of normal force Fn on the friction coefficient µ is not clear whereas for the 
steel sample it is clearly visible that the friction coefficient µ increases if the normal 
force Fn increases.      
To compare the friction characteristics of steel and aluminium, both 
characteristics are plotted together in Figure 5.22 a). It can be seen that the friction 
coefficient for aluminium is higher than for steel. However, the friction coefficient µ 
of steel is quite equal to the friction coefficient µ of aluminium if increasing the 
applied load in the range of 175 N to 200 N. 
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Figure 5.22: Comparison of the nonlinear approximation of µ= f(v, Fn) between 
aluminium and steel 
5.4.3 Explanation of the dependency of friction coefficient µ on velocity v and 
normal force Fn 
 The result of the dependency of µ on v for both steel and aluminium is shown 
that the friction coefficient µ decreases if the velocity v increases, which is explained 
by the following reasons.  
First, if the velocity increases, the amplitude of Fn increase as well, as explained 
in Section 5.4.2. The amplitude increase of Fn leads to the increase of the gap 
between sample and disc. Consequently, more particles may come in the contact 
zone, which cause in an increase of thickness of the particle layer. If the thickness of 
particle layer increases the rearrangement of particles increases as well, so the friction 
force Fr is reduced.  
Second, if the velocity increases, also the feed rate of abrasive particles 
increases. Therefore, the thickness of particle layer gets higher. This again leads to 
decreased friction forces. 
Third, the particle layers are considered as an intermediate layer between the disc 
and the sample, which may behave as particle solid layer, as discussed in Section 
5.4.2. If the velocity increases, the kinematic energy of the particles also increases, 
which causes different motion of the particles like switching from sliding to rolling. 
Because rolling friction forces are smaller than sliding friction forces, the coefficient 
decreases.  
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Beside the velocity also the applied load influences the friction of the 
tribosystem. The result of the dependency of µ on applied load for steel is shown that 
the friction coefficient µ increases if applied load increases. This dependency can be 
is given by the following explanations.  
First, the level of applied load affects the compaction of the particle layer. If the 
applied load increases, the thickness of the particle layer reduces which causes a 
smaller and denser particle layer. This leads to decrease of rearrangement of the 
particles, which results in increase of the friction force, so the friction coefficient 
increases.  
Second, the particle breakage in three-body contact depends on the compression 
pressure correlating to the level of the applied load. It reveals that the number of 
broken particles increases if the applied load increases. That affects a decreasing 
thickness of the particle layer and an increasing of the friction force. 
 Third, the increase of the applied load affects the increase of the friction of 
tribosystem because the abrasive particles are embedded deeper into the contacting 
surface. Thereby, the rolling motion of the abrasive particles reduces which results in 
an increase of sliding motion between embedded particles and the contacting 
surfaces. With an increasing of sliding particles the friction coefficient increases.      
Furthermore, differences of the friction coefficient between steel and aluminium 
are visible, as shown in Figure 5.22. First explanation for higher friction coefficient 
for aluminium than for steel is related to the elastic deformation of initial surface 
asperities. The initial gap ho of aluminium is smaller than of steel because the elastic 
deformation of surface asperities of aluminium is larger than of steel. Therefore, the 
local contact area of aluminium is larger than of the steel which leads to a reduced 
thickness of the particle layer and an increase of the friction force. 
 Second explanation can be given by the wear mechanism. Because the elasticity 
modulus of aluminium is smaller than of steel, the particles are embedded deeper into 
the contacting surface of aluminium. That leads to a reduced rolling motion of the 
abrasive particles which causes a decrease of the friction force.  
Additionally, the hardness of the aluminium material is much smaller than of the 
steel material, so the rate of volume loss of aluminium is larger than of steel. This 
causes an increase of wear debris of aluminium in the contact zone occurs. Therefore, 
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the composition of the particle layer, mixed by original particles, broken particles and 
wear debris, is different which may influence the friction.  
5.4.4 Influence of velocity and applied load on the gap 
For the steel sample       
The thickness of the particle layer hparlayer, which is defined as a gap between 
two contacting surfaces, is calculated by the displacement of the sample hdis which is 
measured by a laser device during the experimental time. The procedure to find an 
approximation equation representing the relation Gap = f(v, Fn) is the same way for 
determination of surface fitting approximation µ = f(v, Fn). Results of Gap = f(v, Fn) 
which correspond to the total 72 experiments are plotted with discrete points in three-
dimensional space. The dependency of the gap on velocity and normal force Fn is 
displayed in Figure 5.23, which is again described by a curve fitting approximation 
of Gap = f(v) with the nonlinear approximation in Figure 5.23 a) and a surface fitting 
approximation of Gap = f(v, Fn) with the nonlinear approximation in Figure 5.23 b). 
Similarly, based on the analysis of experimental results, the nonlinear approximation 
of Gap = f(v, Fn) is defined.  
The dependency of the gap on the velocity v and on the normal force Fn is 
nonlinear. The relation Gap = f(v, Fn) is shown that with an increased normal force 
the friction coefficient decreases whereas the gap increases if the velocity increases in 
the range of 50 - 200 mm/s.  
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Figure 5.23: Three-dimensional visualizations of relation of Gap vs. velocity v vs. 
normal force Fn for steel sample; nonlinear curve approximation of Gap = f(v) a) and 
nonlinear surface approximation of Gap = f(v, Fn) b) 
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The surface fitting approximation of Gap = f(v, Fn) for steel is given by 
 Gap (v, Fn) = p00 + p10·v + p01·Fn + p20·  v2 + p11·v· Fn + p02·  Fn 2 (5.3) 
Here, p00, p10, p01, p20, p11 and p02 are coefficients listed in Table 5.5 
Table 5.5: Coefficients of the surface fitting equations  
Material 
Coefficients 
p00 
[mm] 
p10 
[s] 
p01 
[mm·N-1] 
p20 
[s2·mm-1]
 
p11 
[s·N-1]
 
P20 
[mm·N-2] 
Steel 0.252 35.64·10-5 75.23·10-5 -5.184·10-7 -8.743·10-7 -55.87·10-7 
Aluminium 0.404 29.49·10-5 23.33·10-5 -5.304·10-7 -3.30·10-7 59.33·10-7 
  For the aluminium sample       
Similar as for the steel sample, the nonlinear curve approximation of Gap = f(v) 
for the aluminium sample is displayed in Figure 5.24 a) and the nonlinear surface 
approximation of Gap =f(v, Fn) is shown in Figure 5.24 b). Also, the nonlinear fitting 
approximation of Gap = f(v, Fn) is selected. 
 The dependency of gap on v and on Fn for the aluminium sample is described 
by the surface fitting approximation which is written as Eq. (5.3). Coefficients of the 
surface fitting equation are given in Table 5.5. 
The dependency of the gap on the velocity and on the normal force for the 
aluminium sample is similar to that for the steel sample. It is clear that the gap 
decreases if the normal force increases, see Figure 5.24 b). Also, the influence of the 
velocity on the gap is shown that the gap increases if the velocity increases in the 
range of v = 50 - 200 mm/s. Afterwards, the gap decreases if the velocity increases 
higher.  
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Figure 5.24: Three-dimensional visualizations of relation of Gap vs. velocity v vs. 
normal force Fn for aluminium sample; nonlinear curve approximation of Gap = f(v) 
a)  and nonlinear surface approximation of Gap = f(v, Fn) b) 
To compare the approximation of Gap = f(v, Fn) for steel and aluminium, two 
surface fitting approximations are plotted in 3-dimensional space, as shown in  
Figure 5.25. 
The influence of the material properties on the relation Gap = f(v, Fn) is 
displayed that in the range of Fn = 75 - 175 N the gap of steel is larger than of 
aluminium. However, the gap of steel is equal to that of aluminium for high normal 
force about Fn = 200 N and for low normal force about Fn = 50 N. As mentioned 
above, the gap is represented by the thickness of the abrasive particle layer which 
affects the friction characteristics in thee-body contact. Based on analysed results 
above, some significant outcomes can be given. 
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Figure 5.25: Comparison of the nonlinear surface approximation of Gap = f(v, Fn) 
between aluminium and steel 
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The relation gap = f(v, Fn) is nonlinear. The gap increases if the velocity 
increases, whereas the gap decreases if Fn increases.  The gap of steel is larger than 
gap of aluminium in range 50 N < Fn < 200 N, and the gap of steel is nearly equal to 
the gap of aluminium for higher or smaller normal force Fn. 
In general the explanations given in Section 5.4.3 are also appropriate for the 
gap. 
5.4.5 Influence of process parameter and material on friction characteristic 
after sliding distance of about 500 m  
In Section 5.4.2, the friction characteristics depending on process parameters and 
material properties were examined. However, this investigation is implemented by 
one sample for two different materials as steel and aluminium. In order to investigate 
the characteristics of the friction for various samples, the dependency of friction 
coefficient µ on the velocity v and the normal force Fn for steel and aluminium is 
studied.  
Experiments of 27 steel samples and 6 aluminium samples corresponding to the 
test configuration listed in Table 5.2 are conducted with the sliding distance of about 
500 m. Results of nonlinear curve approximation of µ = f(v) and the nonlinear 
surface approximation of µ = f(v, Fn) for steel are shown in Figure 5.26 a) and in 
Figure 5.26 b). It is displayed that with increasing velocity the friction coefficient µ 
decreases, whereas µ increases if the applied load increases. This relation is found 
both for steel and aluminium, cp. Figure 5.26 b) and Figure 5.27 a). 
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Figure 5.26: Three-dimensional visualization of the relation of µ vs. velocity v vs. 
normal force Fn for steel sample after sliding distance of about 500 m; nonlinear 
curve approximation of µ = f(v) a) and linear surface approximation of µ = f(v, Fn) b)  
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Figure 5.27: Linear surface approximation of µ = f(v, Fn) for aluminium after sliding 
distance of about 500 m a) and comparison of the linear approximation of µ = f(v, Fn) 
between aluminium and steel b) 
The relation µ = f(v, Fn) for steel and aluminium is plotted together in three-
dimensional space, as shown in Figure 5.27. It can be seen that µ of aluminium is 
higher than µ of steel.  
The surface fitting equation representing the linear relation µ = f(v, Fn) is given  
µ (v, Fn) = p00 + p10·v + p01·Fn  (5.4) 
p00, p10, and p01 are coefficients listed in Table 5.6. 
Table 5.6: Coefficients of the surface fitting equations  
Material 
Coefficients 
p00 [-]  p10 [s·mm-1]  p01 [N-1] 
Steel 0.187 -4.46·10-5 5.108·10-5 
Aluminium 0.216 -7.569·10-5 5.713·10-5 
5.4.6 Influence of sliding distance and material on friction characteristic for 
long sliding distance 
In this section, the dependency of the friction coefficient µ on the long sliding 
distance SL up to about 2000m and for steel and aluminium is examined. The relation 
of µ = f(SL) for steel and aluminium is shown in Figure 5.28.   
Chapter 5. Experimental Investigation of Friction Characteristics and Wear Behaviour 
124 
 
0 250 500 750 1000 1250 1500 1750 2000
0.15
0.16
0.17
0.18
0.19
0.2
0.21
0.22
0.23
0.24
0.25
0 250 500 750 1000 1250 1500 1750 2000
0.15
0.16
0.17
0.18
0.19
0.2
0.21
0.22
0.23
0.24
0.25
a) b)
Fr
ic
tio
n
 
co
ef
fic
ie
n
t µ
 
[-]
Sliding distance (m)
Experimental results
Blue: F =200 Nn
Fr
ic
tio
n
 
co
ef
fic
ie
n
t µ
 
[-]
Aluminium
Sliding distance (m)
Curve fitting
Curve fitting
Red: F =100 Nn
Black: F =50 Nn
Steel
 
Figure 5.28: Friction coefficient µ vs. sliding distance SL for steel a) and for 
aluminium b) for the case of v = 400 mm/s 
It is shown that in the range of SL = 0 to 500 m with increasing sliding distance 
the friction coefficient decreases. However, in the range of SL > 500 m the effect of 
the sliding distance on µ is not significant because with increasing sliding distance, µ 
is nearly constant. However, these results are dominated by a large variation of 
experimental results. Therefore, the decrease of µ only occurs in the running-in 
phase. On the other hand the dependency of µ on the process parameters for steel and 
aluminium can be found similarly as discussed in Section 5.4.5.  
The curve fitting approximation of the relation µ = f(SL) for steel and aluminium 
are plotted together in Figure 5.29. It can be found that µ for steel is smaller than µ 
for aluminium. The curve fitting equation for both steel and aluminium is given by a 
general expression  
µ(SL) = a·SLb  (5.5) 
where a and b are coefficients which are identified with Matlab, given in Table 5.7 
 
Figure 5.29: Comparison of the nonlinear curve approximation of µ = f(SL) between 
aluminium and steel for the case of v = 400 mm/s 
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Table 5.7: Coefficients of the curve fitting equation  
Material 
Coefficients 
a
 
[mm-1] 
b
 
[-] 
Steel 0.192 -0.0101 
Aluminium 0.207 -0.0093 
5.4.7 Influence of initial surface roughness on friction characteristic for short 
sliding distance 
To investigate the influence of initial roughness Ra on the friction coefficient µ 
for the short sliding distance, the dependency of friction coefficient µ on sliding 
distance SL for different initial roughnesses Ra is examined.  
Experiments of 4 steel samples with the test configuration listed in Table 5.3 are 
conducted. The result of nonlinear approximation of µ = f(SL) for the case of Fn = 
200 N and v = 300 mm/s is shown in Figure 5.30. After conducting experiments with 
sliding distance of 500 m, the worn surface is examined by measuring average 
roughness which is determined about Ra=3-5 µm. It is displayed that the friction 
coefficient µ decreases if the sliding distance SL increases. The influence of initial 
roughness Ra on the friction characteristics µ reveals explicitly that with increasing 
initial roughness the friction coefficient increases as well.  
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Figure 5.30: Dependency of friction coefficient µ on sliding distance SL and on 
initial roughnesses Ra for steel for the case of Fn = 200 N and v = 300 mm/s 
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The initial roughness affects the friction characteristic which also leads to 
changes of the wear behaviour. The relation of µ = f(SL) is represented by a curve 
fitting approximation, as shown in Figure 5.30.   
The curve fitting equation of the relation µ = f(SL) is written by 
µ(SL) = a·SLb+ c  (5.6) 
Where a, b and c are coefficients, given in Table 5.8. 
Table 5.8: Coefficients of the surface fitting equation  
Initial roughness 
Coefficients 
a
 
[mm-1] 
b 
[-]
 
c 
[-] 
Ra =10 µm 0.2493 -0.0399 -0.0146 
Ra =0.27 µm -0.0181 0.2814 0.2904 
5.5 Investigation on Wear Behaviour 
In this section, the influence of process parameters on the wear behaviour is 
investigated. The total 31 steel samples and 6 aluminium samples are used to perform 
experiment corresponding to the test configuration listed in Table 5.2 and in      
Table 5.3. The experimental results are analysed to study the wear process in three-
body tribosystem. As discussed in Section 5.2.2, the wear behaviour of materials is 
represented by the wear depth and the wear intensity of the sample. Therefore, the 
procedure of wear calculation is implemented for all experiments to define the wear 
depth and the wear intensity as follows.  
First, the mass loss corresponding to the sliding distance is calculated. Second, 
the wear depth and the wear intensity are determined based on mass loss, contact area 
of the sample and density of wear materials. Third, an approximation function is 
defined by a curve fitting for experimental results.  
5.5.1 Influence of velocity, applied load and material on abrasive wear 
The influence of process parameters on the wear depth is displayed in        
Figure 5.31 a). The dependency of the wear depth on the normal force reveals clearly 
that with increasing normal force the wear depth increases.  
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Figure 5.31: Wear depth vs. velocity v vs. normal force Fn for steel a) and wear 
intensity vs. velocity vs. normal force Fn b) after sliding distance of 500 m 
However, the influence of the velocity on the wear depth is slight because the 
wear depth is almost constant if the velocity increases.  
Figure 5.31 b) shows the dependency of wear intensity on velocity and normal 
force. It is visible that the influence of normal force on wear intensity is significant 
whereas velocity almost has no influence on wear intensity. The dependency of wear 
intensity on the process parameter is similar to that of the wear depth.   
To examine the influence of material on wear intensity, the dependency of the 
wear intensity WI on the velocity v and the normal force Fn between steel and 
aluminium is plotted together in three dimensional space, as shown in Figure 5.32 a). 
 
 
 
Figure 5.32: Linear curve fitting approximation of WI = f (v) for both steel and 
aluminium a) and surface fitting approximation of WI = f (v, Fn) b) after sliding 
distance of 500 m 
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It was found that the dependency of the wear intensity on the process parameters 
for aluminium is similar to that for steel. However, the wear intensity of aluminium is 
much higher than that of steel. It is clear that the material property is an important 
factor which affects significantly the wear behaviour.   
The relation of WI = f(v, Fn) for steel and aluminium is expressed by surface 
fitting equations which are determined by curve fitting tool in Matlab, as shown 
Figure 5.32 b). The general equation of surface fitting approximation is given as 
follows 
  WI(v, Fn) = p00 + p10·  v + p01·  Fn + p20·v2 + p11·v· Fn (5.7) 
Where pi,j are coefficients, given in Table 5.9. 
Table 5.9: Coefficients of the surface fitting equation  
Material 
Coefficients 
p00 
[-] 
p10 
[s·mm-1] 
p01 
[N-1] 
p20 
[s2·mm-2]
 
p11 
[s·mm-1·N-1] 
Steel -19.54·10-9 1633·10-9 1.338·10-9 -4.751·10-27 -9.511·10-14 
Aluminium 4.088·10-9 -12.09·10-9 4.56·10-9 -17.23·10-27 6.589·10-14 
5.5.2 Influence of sliding distance, applied load and material on abrasive wear 
for long sliding distance 
The dependency of the wear depth WD on sliding distance SL, normal force Fn 
and velocity v for steel is shown in Figure 5.33a). The dependency of the wear depth 
on sliding distance reveals that with increasing sliding distance the wear depth 
increases. It is clear that wear depth increases if normal force increases. The 
difference of wear depth is not significant for different velocities. Therefore, it can be 
said that the influence of velocity on the wear depth is smaller than of the applied 
load. 
Figure 5.33 b) shows the dependency of the wear intensity WI on sliding 
distance SL and various process parameters. The dependency of the wear intensity on 
the sliding distance shows that with increasing sliding distance the wear intensity is 
nearly constant.  
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Figure 5.33: Wear depth vs. sliding distance on various velocities v and different 
normal forces Fn a) and wear intensity vs. sliding distance on various velocities v and 
different normal forces Fn b) 
However, the influence of applied load on wear intensity is shown clearly. If 
normal force Fn increases the wear intensity increases strongly. Again, the effect of 
velocity on wear intensity is not significant.  
To compare the influence of material properties on the wear behaviour between 
steel and aluminium, the linear curve fitting approximation of WD = f (SL) is shown 
in Figure 5.34 a). It is displayed that wear depth of aluminium is higher than of steel. 
Additionally, the surface fitting equations describing the relation WD = f(SL, Fn) for 
aluminium and steel are found Figure 5.34 b).  
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Figure 5.34: Linear curve fitting approximation of WD = f (SL) for both steel and 
aluminium with the case of v = 100 mm/s a) and nonlinear surface fitting 
approximation of WD = f (SL, Fn) b) 
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Figure 5.35: Linear curve fitting approximation of WI = f (SL) for both steel and 
aluminium with the case of v = 100 mm/s a) and nonlinear surface fitting 
approximation of WI = f (SL, Fn) b) 
Similar to the comparison of relation WD = f(SL, Fn) between aluminium and 
steel, the linear curve fitting approximation of WI = f (SL) is displayed Figure 5.35 
a). It can be seen that the wear intensity of aluminium is much higher than of steel. 
The surface fitting approximation of this relation is also determined, as shown in 
Figure 5.35 b). 
Table 5.10: Coefficients of the surface fitting equation  
Wear depth 
Coefficients 
p00 
[mm] 
p10 
  [-] 
p01 
[mm·N-1] 
p20 
    [mm-1]
 
p11 
   [N-1] 
Steel 3276·10-6 -4.346·10-6 -8.532·10-6 -1.205·10-22 1.2·10-6 
Aluminium 7175·10-6 -36.58·10-6 -48.87·10-6  -1.60·10-22 4.771·10-6 
Wear intensity 
p00 
[-] 
p10 
[mm-1] 
p01 
[N-1] 
p20 
   [mm-2]
 
p11 
[mm-1·N-1] 
Steel 8.07·10-9 -6.093·10-12 1.174·10-9 -2.698·10-28 1.15·10-14 
Aluminium -3.031·10-9 -17.59·10-12 4.544·10-9 -9.862·10-28 11.87·10-14 
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The surface fitting equation of relation WD = f(SL, Fn) is given  
  WD (SL, Fn) = p00 + p10·  SL + p01·  Fn + p20·SL2 + p11·SL·Fn (5.8) 
The surface fitting equation of relation WI = f(SL, Fn) is written  
  WI (SL, Fn) = p00 + p10· SL + p01·  Fn + p20·SL2 + p11·SL·Fn (5.9) 
Where  pi,j are coefficients, given in Table 5.10.  
5.5.3  Influence of initial roughness on wear intensive for short sliding distance 
The dependency of the wear intensity on sliding distance for different initial 
roughnesses is shown in Figure 5.36 a). The dependency of the wear intensity on 
sliding distance reveals that with increasing sliding distance the wear intensity 
increases in the case of Ra = 0.27 µm whereas the wear intensity decreases in the case 
of Ra = 10 µm. It is displayed that the wear intensity of Ra = 10 µm is higher than that 
of Ra = 0.27 µm. Therefore, the wear intensity increases if initial roughness increases. 
This indicates that the initial roughness influences the wear behaviour in the running-
in phase. 
Figure 5.36 b) shows the dependency of the wear intensity on long sliding 
distance. It is visible that the wear intensity is quite constant independent on the 
sliding distance. That means the wear intensity is constant in steady-state phase of the 
wear curve. 
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Figure 5.36: Dependency of wear intensity on sliding distance for different initial 
roughnesses for steel sample a) and sliding distance up to 2000 m b) for the case of        
Fn = 200 N and v = 300 mm/s 
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The dependency of the wear intensity WI [-] on the sliding distance SL [m] for 
different roughness is given by a general equation of curve fitting 
  WI (SL) = a·SLb
 
(5.10) 
with a = 32.22·10-6 and b = -37.04·10-3 for the case of Ra = 10 µm;  
        a = 401.9·10-6 and b = 925.3·10-3 for the case of Ra = 0.27 µm. 
5.6 Summary 
In this study the friction characteristic and the wear behaviour for steel and 
aluminium is investigated experimentally with a wide range of applied load, velocity 
and sliding distance. Investigation of the friction coefficient and the wear behaviour 
is implemented in an experimental condition of three-body contact using the new 
developed loading structure of the tribometer test rig. From the results the following 
statements can be drawn. 
The influence of process parameters on the friction characteristic of three-body 
tribosystem is exposed that the friction coefficient decreases if the velocity increases, 
whereas the friction coefficient increases if the applied load increases. Moreover the 
influence of sliding distance on friction shows a decrease of the friction coefficient in 
initial sliding distance afterwards it is constant during the wear process. The influence 
of initial roughness on the friction reveals that with increasing roughness the friction 
coefficient increases as well. Also, the effect of the material properties on the friction 
is examined. The results show that the friction coefficient of aluminium is higher than 
of steel. 
The thickness of the particle layer in the contact region represented by the gap 
is also investigated due to its influence on the friction characteristics and on the wear 
behaviour. The dependency of the gap on the process parameters is shown. With 
increasing velocity the gap increases whereas the gap decreases if the applied load 
increases. The influence of materials on the gap reveals that the gap of aluminium is 
smaller than of steel.   
The wear behaviour depends on parameters like applied load, velocity, sliding 
distance and initial roughness. The dependency of abrasive wear on these parameters 
for steel and aluminium is shown. With increasing applied load the wear increases 
significantly. Nevertheless, the influence of the velocity on wear is small because the 
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wear is nearly constant if the velocity increases. The effect of initial roughness on the 
wear is exposed. With increasing initial roughness the wear increases. Furthermore, 
the wear intensity depends on sliding distance. The wear intensity increases in the 
initial abrading time. Afterwards, the wear intensity is almost constant during the 
wear process. Obviously, the wear intensity of aluminium is higher than of steel 
because of the influence of the material properties.  
 The results of this work are very valuable to interpret the friction characteristic 
of three-body tribosystem. Additionally, approximation functions describing the 
relation µ = f(v, Fn) and the relation gap = f(v, Fn) are determined, which are included 
in the wear equation to simulate wear in three-body contact. Moreover, investigation 
of the wear behaviour is helpful to predict the wear rate as well as to validate 
simulation results by results of experiment.  
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CHAPTER 6 
Wear Simulation of three-body Abrasion 
Material loss in three-body abrasion is a stochastic process due to abrasion 
between the particle layer and the contacting surface. The wear process depends on 
factors such as kinematics of abrasive particles, friction characteristics, surface 
profile and material properties. The influence of these factors contributes to complex 
contact conditions resulting in different wear mechanism of tribosystem. To predict 
the wear rate of materials, in general, both experimental and numerical simulation 
methods are necessary. Because of the complexity of the system, an experimental 
approach is often proposed to investigate the wear behaviour, such as determination 
of mass loss and examination of the worn surface. The experimental method is very 
practical and often useful because all physical eﬀects and their interactions are 
combined. However, experiments are time consuming and expensive and are only 
valid for the used test configurations. On the other hand, it is difficult to obtain real 
information describing the nature of wear due to random wear process and limitation 
of experimental studies. Therefore, numerical simulations are used to identify 
governing factors causing wear. Additionally, the simulation provides more 
complement information during the wear process as changes of the worn surface and 
contact pressure to get deeper understanding about the wear behaviour. 
It is difficult to simulate the complex wear process because a large number of 
influencing parameters must be described while modelling the wear in three-body 
tribosystem. Therefore, simulation of the wear process is implemented by a model in 
which influential factors are divided into four modules and investigated 
experimentally, as discussed in Chapter 1. The experimental results of these modules 
are given by approximation equations which are used to include in the three-body 
wear equation. The routine of wear simulation is shown in Figure 6.1.   
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Figure 6.1: Block diagram for the process of wear simulation   
The results of experimental investigation concerning particle kinematics are 
shown in Chapter 3. The approximation function describing dependency of velocity 
vparlayer of the particle layer on applied load Fn and on velocity v is determined. 
Moreover, the relation between particle kinematics Ki and process parameters such as 
normal force Fn and velocity v is analysed as well.    
The contact stiffness Cn of the particle layer depending on applied load Fn and 
particle layer height hparlayer is examined, as discussed in Chapter 4. The approximation 
functions for both the loading process and the unloading process are found. 
Experimental investigation results of the friction characteristics µ are presented in 
Chapter 5. The approximation equation expressing the dependency of the coefficient of 
friction µ on applied load Fn and velocity v are determined. Additionally, the 
Chapter 6. Wear Simulation of three-body Abrasion 
137 
 
dependency of the thickness of the particle layer hparlayer on applied load Fn and velocity 
v in the contact region is analysed as well. Furthermore, the abrasion of three-body 
tribolements is investigated experimentally to determine the wear by the wear intensity 
WI or the wear depth WD. The influential factors causing wear as surface roughness, 
material properties and process parameters are examined. In this study, simulation of 
surface roughness is not possible because of the calculation time, so waviness instead of 
surface roughness is used to analyse. All found approximation equations describing the 
influencing parameters on the wear process need to be complemented to a wear 
equation in a reasonable way to simulate wear.   
In this chapter, a wear model using discrete numerical method to calculate wear 
depth, wear intensity and local contact pressure is developed to simulate the time 
dependent wear of the sample in a three-body tribosystem. The influence of factors, 
such as initial waviness of the surface profile, applied load, velocity, sliding distance, 
and material properties on the wear behaviour are examined by wear simulation results.  
In this study, two-dimensional wear is simulated for a sample and a rotating disc in 
three-body contact. The results of the wear simulation are compared to the experimental 
results from tests on the tribometer test rig. Similarities and differences between the 
simulation and experimental results are analysed to show the usefulness and limitation 
of the wear model of three-body abrasion.  
6.1 Model of three-body Abrasion  
If two surfaces have contact to each other and a relative velocity occurs between 
these surfaces, this leads to friction and wear. Abrasion in three-body contact is a 
progressive loss of material of the contacting surfaces due to friction between the 
particle layer and contacting bodies. In the contact region the surfaces are subjected to 
high stress due to mechanical interaction which causes initial cracks, crack propagation 
and fractures. The typical stress-strain curve of a ductile material, such as steel or 
aluminium, shows that a fracture occurs when the material reached the maximal plastic 
deformation.  
In contact mechanics the relation between stress and strain in the contact regions of 
bodies is studied as a function depending on surface shape, material properties and 
loading conditions. With Hertz's theory (1982) the influence of elastic deformation of 
contacting bodies can be investigated, as referred in Goryacheva (1998b). This theory 
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can be extended to calculate the real contact area of rough surfaces, as reported by 
Williamson (1966), Bhushan (1996), and Greenwood, Putignano and Ciavarella (2011).   
A surface profile is characterized by geometric inhomogeneity at different length 
scales as roughness or waviness, which is the local deviation of a rough surface from a 
perfectly flat plane, as mentioned by Menezes et al. (2013) and Goryacheva (1998a), 
etc. Asperities cause local contact elements between contacting surfaces, and result in 
non-uniform plastic deformation and fracture in the surface layer.  
Furthermore, material properties of contacting bodies play an important role, which 
influence significantly the friction and wear process. In general, a linear material model 
or a nonlinear material model can be employed to the wear simulation. However, in this 
study a linear material model of contacting bodies is used because a numerical efficient 
model is required. An intermediate particle layer between two contacting surfaces is 
considered by a solid layer using a nonlinear material model to describe the stress-strain 
relation of granular materials.  
  The material removal depends strongly on the wear mechanism as referred in 
Torrance (2005), Nahvi et al. (2009), Chowdhury and Nuruzzaman (2013), Mezlini et 
al. (2005), Patnaik et al. (2010), etc. In the literature, several different mechanisms 
have been reported to describe the wear. In general, three identified mechanisms 
governing the wear process in two-body and in three-body contact are considered as 
ploughing, cutting and fragmentation. These mechanisms are reported by Bayer 
(2002) ‘‘ Ploughing occurs when material is displaced to the side due to hard 
particles embedding into contacting surface, resulting in the formation of grooves that 
do not involve direct material removal. The displaced material forms ridges adjacent 
to grooves. Cutting occurs when material is separated from the surface in the form of 
wear debris with little or no material displaced to the sides of the grooves. 
Fragmentation occurs when material is separated from a surface by a cutting process 
and the indentation causes localized fracture of the wear material. These cracks then 
freely propagate locally around the wear groove, resulting in additional material 
removal’’.  
The ploughing and cutting mechanisms involve mainly the plastic deformation of 
the wear material while the fragmentation also involves fracture. Consequently, the 
dominant wear mechanisms are influenced by the plastic deformation and fracture 
behaviour of the wear material. The wear resistance of materials depends strongly on 
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material properties of contacting bodies and wear mechanisms which results in 
different wear rates of materials. For example, plastic materials show lower wear 
resistance than typical metals such as steel or aluminium. Even though, the same kind 
of material has various wear rate, for e.g. in mild steel and alloy steel.    
From basic concepts of the contact mechanics, the wear mechanism and the 
material properties in three-body abrasion, a wear model is developed based on some 
assumptions. It can be assumed that  
• the contacting bodies, a sample and a rotating disc, can be represented by a 
linear material model for elastic materials such as steel or aluminium; 
• the surface strains in the contact region are small; 
• the intermediate particle layer between two contacting surfaces can be 
described by a solid layer represented by a nonlinear material model; 
• the contacting surfaces can be discretized, so waviness of the surface profile 
can be represented;  
• the surfaces change over time during the wear process. 
6.1.1 Geometric model 
The represented three-body tribosystem of a sample pressed against a rotating 
disc with an abrasive particle layer is shown in Figure 6.2 a). The abrasion of both, 
the sample and the disc, results from the relative movement between the particle layer 
and the two contacting surfaces.  
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Figure 6.2: Schematic representation of three-body tribosystem a) and geometric 
model to simulate the wear process b) 
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The wear process depends on the process parameters like applied load Fn, 
velocity v and sliding distance SL and on geometry of the triboelements. To simulate 
the wear process, it is necessary to describe the geometric model of the tribosystem 
which is defined in the Cartesian coordinate system (XY). The geometric model is 
expressed in Figure 6.2 b). Here, the sample with a roughness of Ra,sam has a length 
of Lsam, a width of b and a height of hsam. The rotating disc with a roughness of Ra,disc 
has a length of Ldisc corresponding to a circumferential round and a height of hdisc. 
The abrasive particle layer is represented by the mean thickness hparlayer of the particle 
layer and defined by an approximation equation of hparlayer = f (Fn, v).  
Based on above assumptions, a structural model of three-body contact is 
established, as seen in Figure 6.3 a). The input parameters of the structural model 
include geometric dimension of sample and disc, nominal height of the particle layer 
and waviness of two contacting surfaces.  
In fact, the roughness of machined surfaces varies which depends on the 
mechanical manufacturing method. It is possible to describe the initial surface 
roughness in large scale, the rough surface is characterized with a discretization ∆X 
and a waviness height Wh generated randomly in advance which represents the 
surface waviness. Therefore, the structural model provides discrete contact elements 
on two contacting surfaces. Contact of three-body tribosystem occurs between their 
discrete elements and the particle layer. Nodes of the sample surface are assigned 
from i = 1 to 45 corresponding to the length of Xsam = 45 mm whereas the nodes of 
the disc surface are assigned from i = 1 to 630 corresponding to the circumferential 
length of Xdisc = 630 mm, see Figure 6.3 b). 
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Figure 6.3: Scheme of structural model a) and three-body wear model b) 
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However, the circumferential length of the disc surface in the contact region 
must be equal to the length of the sample surface. Therefore, the disc surface is 
divided into two parts. One part with discrete contact elements from i = 1 to 45 in the 
contact region is subjected to wear. Another part with discrete elements from i = 46 
to 630 does not subject to wear because no contact exists. The discrete contact points 
of the sample surface are fixed whereas the discrete contact points of the disc surface 
move. Here, the discretization ∆X of the sample surface and the disc surface is equal 
to interval of a simulation step ∆t = ∆S/v with v = 1 mm/s and ∆S = 1 mm. 
6.1.2 Stiffness and local contact forces 
To describe the contact mechanics between particle layer and point contact 
elements of two contacting surfaces, the height hi at each discrete contact point 
between the contacting surfaces is determined by  
  ℎ = 	, − ,	 (6.1) 
with Ysam-sur,i the coordinates Y of discrete contact points of the sample surface 
and Ydisc-sur,i the coordinates Y of discrete contact points of the disc surface with i = 1 
to 45, see Figure 6.3 b) and Figure 6.4 a).  
The contact layer with its discrete contact points considers time-independent 
friction characteristics which represents the global friction coefficient. This friction 
characteristic has to be determined in advance as a result of an approximation 
function of experimental data, as presented in Chapter 5. 
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Figure 6.4: Schematic model to determine heights of the particle layer at discrete 
contact points a) and a model to calculate changes of displacement at each contact 
point between two successive simulation steps b) 
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This approximation equation can be included directly to the wear equation to the 
wear simulation. Moreover, the waviness of two contacting surfaces causes 
oscillating local contact forces which are determined by the contact stiffness of the 
particle layer at each discrete contact point. Here, the particle layer is interpreted as a 
material layer with nonlinear couplings at discrete contact points.  
   In the case of the three-body contact, it is reasonable to model the sample and 
the disc as rigid bodies with rough surfaces and the particle layer as an elastic solid 
layer. With increasing normal forces, the height of the intermediate particle layer 
between two contacting surfaces decreases and the local contact pressure at discrete 
contact points increases. On the contrary, with decreasing applied loads the height of 
the particle layer increases and the local contact pressure decreases.  
This dependency of the height on applied load is correlated with the loading-
unloading process during uniaxial compression tests. The local contact force Fn,i 
depends on contact stiffness Cn and relative height ∆hi of the particle layer at the ith 
contact point, and is calculated by the following equation 
  , =  ∙ |∆	ℎ| =  ∙ |ℎ − 	ℎ|.	 (6.2) 
Fn,i is the local contact force at ith contact point of the particle layer. Cn is the 
global contact stiffness. ∆hi is the displacement of the particle layer at the ith contact 
point. ho is the initial height of the particle layer.   
The nonlinear relation between normal force and displacement, as discussed in 
Chapter 4, is considered by nonlinear springs at the discrete contact points, see 
Figure 6.4 a). The nonlinear force-displacement relation of the particle layer is 
implemented in the equation of the contact stiffness depending on initial layer height.   
It is necessary to consider that the local contact force Fn,i at each contact point of 
the particle layer causes the plastic deformation of both surfaces. Consequently, Fn,i 
is determined at each simulation step and is included in the wear equation.  
While the disc moves relative to the sample, the contact condition between the 
particle layer and two contacting surfaces changes due to wear and a new position of the 
disc. This leads to change of height hi of the nonlinear springs at the contact points of 
the sample and the disc between two time steps, as illustrated in Figure 6.4 b). The disc 
moves with ∆X = 1 mm in one simulation step. The new height hi can be larger or 
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smaller than hi’ of the previous simulation step at ith point. If the height hi of the present 
time step is smaller than the height hi’ of the previous time step, the loading contact 
force FnL,i is calculated by the nonlinear contact stiﬀness CnL of the loading process and 
∆hi. On the contrary, the unloading contact force FnUL,i is calculated by the nonlinear 
contact stiﬀness CnUL of the unloading process and ∆hi. The calculation of local contact 
force is implemented by the following expression 
 ℎ <	ℎ	; , =  ∙ |ℎ − 	ℎ|  
 			ℎ >	ℎ	; ", =	" ∙ |ℎ − 	ℎ|  (6.3) 
where, FnL.i and FnUL.i are the local contact force at the ith contact point in the 
contact region, which are determined by the loading process and the unloading process. 
CnL and CnUL are the contact stiffness of the loading process and the unloading process, 
respectively, which are determined by Eq. (4.9) in Chapter 4.  
6.1.3 Wear model 
In Figure 6.5 a schematic model to determine the local wear of the sample and 
the disc is shown. The procedure to calculate the wear in each simulation step is 
implemented by following steps. 
First, the local wear will be calculated at each discrete contact point based on a 
new three-body wear equation that will be presented in the next section. The local 
wear of the sample and the disc is named Wearsam,i and Weardisc,i respectively with     
i = 1 to 45, shown in Figure 6.5. 
Second, the coordinate 	#$, and #$,  of the worn surfaces at each 
discrete contact point will be determined with the following equation 
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Figure 6.5: Schematic model to calculate local wear at each discrete contact point 
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  	#$, = 	, +&'()	, 
#$, = , −&'(),	 (6.4) 
Ysam-sur,i is the coordinates Y of discrete contact points of the sample surface for 
the previous simulation step. Ydisc-sur,i the coordinates Y of discrete contact points of 
the disc surface for the previous simulation step after moving the disc surface with 
∆X = 1 mm for a simulation step.  
 Third, the mean value of wear, Wearsam and Weardisc, over whole contact length 
for both the sample and the disc will be calculated in each simulation step, which are 
written by 
&'()	 =*&'()	,	45
-.
/0
 
&'() =*&'(),	45
-.
/0
 
(6.5) 
Fourth, the mean height hparlayer of the particle layer will be kept constant 
between two time steps, so position of the sample is changed by reducing all sample 
coordinates Ysam-wear,i by the mean values of Wearsam and Weardisc, as illustrated in 
Figure 6.5 
	, = 	#$, −	&'()	 −&'()  (6.6) 
6.1.4   Three-body wear equation 
To calculate the local wear of the sample and the disc in the three-body wear 
model as discusses above, it is necessary to established a new wear equation which 
represents the influence of parameters to the wear process, such as contact stiffness of 
the particle layer, kinematics of abrasive particles, friction characteristics, material 
properties and geometry.  
In the literature, a number of equations has been proposed for wear calculation, 
which are mostly describe the mass loss per abrading time or sliding distance, see 
Gahr (1988), Jacobson, Wallén and Hogmark (1988), Goryacheva (1998b), Jiang, 
Sheng and Ren (1998), Fang et al. (2001, Hutchings and Kusano (2003, Fang et al. 
(2005), Hegadekatte and Huber (2006), Andersson et al. (2011) and Bortoleto et al. 
(2013). All of the wear equations, derived from the Archard’s wear equation, are used 
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to estimate wear that is observed in the experiments. As referred in Hutchings et al. 
(2006), Archard’s model introduces the concept of wear volume per sliding distance 
being proportional to the normal force Fn for each abrading material pair according to  
  1# = 2 ∙ 345 ∙ 6 (6.7) 
where Vw is the volume of removed material per sliding distance SL, H is the 
hardness of the worn material, and K is the dimensional wear coefficient. The value 
K is provided by experiments which strongly depend on the test configuration. 
Equation (6.7) has been used to predict the abrasive wear in several different 
systems. The Archard wear equation is interpreted as the wear depending on normal 
applied load Fn and sliding distance SL at the micro scale, cp. Andersson et al. 
(2011). To define the removed volume depending on the sliding distance SL, 
Equation (6.7) is rewritten by  
  1# = 75 ∙  ∙ 6 = 8 ∙  ∙ 6 (6.8) 
with 8 = 75 the dimensional Archard wear coefficient. Additionally, the wear rate   
9:;   is expressed as follows 
   
9:; = 8 ∙  ∙ <, (6.9) 
with v the relative velocity between two contacting bodies. 
Further, the Fleischer’s wear law is often used for the wear calculation, which 
describes wear proportional to friction work per time, as explained by Fleischer 
(1973). This wear law indicates a proportional relation between wear volume and 
friction energy, as referred to Moldenhauer (2010), which can be written by 
  1# = 8 ∙  ∙ μ ∙ 6 (6.10) 
According to this wear law, the wear depends on normal force Fn, relative 
velocity vrel, friction coefficient µ and sliding distance SL. Therefore, the general 
wear rate can be written as 
 
   >? = @ ∙ 9:; = 8 ∙  ∙ μ ∙ <$A  (6.11) 
By assuming a surface waviness of both contacting bodies, local wear occurs at 
each discrete contact point subjected to the local normal force FnL,i or FnUL,i. 
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Additionally, to calculate the local wear in the simulation, the influential factors, 
which are represented by approximation equations of experimental results, need to be 
included in the Fleischer’s wear equation. In this study, the new wear equation is 
developed and rewritten by  
 
   B'() = 8 ∙ ,C, ℎD ∙ μC, <D ∙ <EAF$C, <D ∙ 2, (6.12) 
where ,C, ℎD is the local contact force at the ith discrete contact points, μC, <D is the friction coefficient, <	EAF$C, <D is the mean velocity of the 
particle layer, and  2 is the coefficient of particle kinematics representing the motion 
behaviour of the particle layer.  
Therefore, the local wear of the sample and the disc is expressed by  
			B'()	, = 8	#$ ∙ G, ℎEAF$H ∙ ℎ ∙ μC, <D ∙ <EAF$C, <D 
	B'(), = 8#$ ∙ G, ℎEAF$H ∙ ℎ ∙ μC, <D ∙ <EAF$C, <D (6.13) 
where 8	#$ = 8 ∙ 2  is the wear coefficient of the sample, which is 
included the Fleischer wear coefficient and the coefficient of particle kinematics, and  
8#$ = I ∙ 8	#$ is the wear coefficient of the disc. Here, I is a 
calibration factor considering the different wear coefficient between the sample and 
the disc because wearsam,i proportional to weardisc,i is assumed, but only locally and 
for each single a time step. 
The physical nature of wear in three-body abrasion is revealed explicitly via       
Equation (6.13) in which contact mechanics, friction characteristics, particle 
kinematics, material properties and geometry are included to describe the mechanical 
properties of the wear process. It is reasonable to consider the predominant 
influencing parameters on the wear. These influential factors are determined from the 
experimental investigations, and these approximation equations are complemented to 
the basic wear equation.     
6.1.5 Determination of wear coefficient 
To identify the wear coefficient in Equation (6.13), two representative wear 
experiments have been chosen. The experiment is conducted on the tribometer test 
rig, as presented in Chapter 5, with a test configuration given in Table 6.1. The 
geometry of sample and disc for the wear experiment is shown in Table 5.3.  
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Table 6.1:  Test configuration for the representative wear experiment 
Description of parameters Range 
Process parameters  
- Applied load  Fn = 200 N 
- Velocity  v =300 mm/s 
- Sliding distance  SL = 25, 50, 100, 200, 300, 400, 500 m  
Material properties 
 
- Sample Steel S235JR (St 37) 
- Disc Steel S235JR (St 37) 
Initial surface roughness 
 
- Sample Ra,sam = 0.27 µm 
- Disc Ra,disc = 4.5 µm  
To examine the wear during the run-in phase, the experiment is conducted with 
the short sliding distance. The surface sample reveals the wear characteristics as 
discussed in Chapter 5, and the sample mass is measured after the sliding distance 
SL of 25m, 50m, 100m, 200m, 300m, 400m, and 500m. Consequently, the wear 
depth is determined based on Equation (6.17), as shown in Table 6.2. 
Table 6.2: Calculation of the wear depth of the representative experiment 
Parameters, variables 
Sliding distance 
SL =25 m SL =50 m SL =100 m 
Initial mass mo [g] 69.791 69.791 69.791 
Mass m1 [g] after experiment 69.742 69.682 69.57 
∆m = mo – m1  [g] 0.049 0.109 0.221 
A = l x b = 45 x 24.5 [mm2] 1102.5 1102.5 1102.5 
Density ρ [g/mm3] 7.85·10-3 7.85·10-3 7.85·10-3 
Wear depth  [mm] 5.66·10-3 12.59·10-3 25.53·10-3 
Simulated wear depth  [mm] 5.356·10-3 10.714·10-3 23.188·10-3 
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Figure 6.6: Flow chart diagram of the wear simulation procedure  
Chapter 6. Wear Simulation of three-body Abrasion 
149 
 
The wear depth is used to identify the wear coefficient which is needed as input 
parameter for the wear simulation. However, the identified wear coefficient can only 
be seen as a rough estimation. It needs to validate by comparison of the simulation 
results with results of other experimental investigation. From adaption of the wear 
simulation, the wear coefficient of steel, kwear-sam = 30.52·10-7, is found.  
Additionally, the wear coefficient of the disc has to be determined as well. The 
relative velocity between particle layer and disc is different to that between particle 
layer and the sample. This leads to a different wear rate of the disc. In this simulation, 
the wear coefficient kwear-disc of the disc is assumed to be ten times smaller than    
kwear-sam. 
Furthermore, a wear coefficient of aluminium, kwear-sam = 107.42·10-7, with a test 
configuration of Fn = 200 N and v = 300 mm/s is found, which is used as an input 
parameter for three-body wear equation.  
6.1.6 Simulation procedure 
The implemented wear simulation is illustrated in the flow chart diagram in 
Figure 6.6. This simulation procedure is divided into three parts including pre-
processing, processing and post-processing stage.  
The computational procedure of the pre-processing stage is implemented as 
follows. First, the process parameters such as applied load Fn, velocity v and total 
sliding distance S are predefined as input parameters. Second, the thickness hparlayer of 
the particle layer is determined as well. Third, the geometry of the contacting bodies 
is defined such as the coordinate, Ysam-sur,i and Ydisc-sur,i, of the initial surface waviness 
of the sample and the disc respectively, the disc bottom Ydisc-bottom, the sample top 
Ysam-top, the coordinate Xsam of the sample, and the coordinate Xdisc of the disc, as 
shown in Figure 6.7 a). 
The initial surface waviness of the contacting bodies has the discrete step in the x 
direction of ∆X=1 mm. The waviness heights, Wh,sam and Wh,disc are determined by 
multiplying a scaling factor and a pseudorandom values which are generated by a 
random function in Matlab. Ysam-sur,i and Ydisc-sur,i are calculated based on the initial 
waviness heights. The other geometric parameters, e.g. hdisc, hsam, Xsam and Xdisc are 
predefined as well.  
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Figure 6.7: Geometric model of the first time a) and schematic representation for 
calculation of the plastic deformation step (red: previous surface, blue: worn surface) b) 
After these definitions, the computational procedure of the processing stage is 
implemented as follows. First, the contacting surfaces are subjected to elastic 
deformation when the particle layer is compressed by the applied load. The 
calculation of the displacement at the discrete contact points in the first time step 
includes the following steps:  
(1) The mean velocity vparlayer = f (Fn, v) of the particle layer is determined. The 
particle kinematics Ki = f (Fn, v) is defined as well.  
(2) The approximation equations, e.g. the friction coefficient µ
 
= f (Fn, v), the 
contact stiffness CnL = f (Fn, hparlayer) of the loading process and the contact stiffness  
CnUL = f (Fn, hparlayer) of the unloading process, are determined. 
 (3) The height hi and the local contact forces FnL,i at the ith discrete contact 
points between the particle layer and two contacting surfaces are calculated.  
(4) To calculate the elastic deformation, it is necessary to find a relevant contact 
model. Figure 6.8 shows the contact model between a rigid conical indentation and 
an elastic half-space, as referred Popov (2010).  
Fn
d θ
 
Figure 6.8: Contact model between a rigid conical indentation and an elastic half-space 
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The indentation depth d, depending on the applied load Fn, θ, the Young's 
modulus E, the Poisson's ratios ν, is rewritten by  
J = 	K 2 · N · O · C1 − νQD · R(ST (6.14) 
In this study, the angle θ between the plane and the side surface of the cone is 
assumed the simplification with θ=45°. Equation (6.14) is used to calculate the 
elastic deformation of the contacting bodies at the ith discrete contact points, ∆Ysam-
sur,i and ∆Ydisc-sur,i, which is given by 
∆Ysam-sur,i =	U34V,WQ·X · O · C1 − νQD · R(ST		 
∆Ydisc-sur,i =	U34V,WQ·X · O · C1 − νQD · R(ST 
(6.15) 
Second, the procedure of the wear calculation is implemented with the following 
steps:  
(1) Move the disc for one time step of ∆X = 1 mm, as shown in Figure 6.9 a). 
 (2) The coordinate Ysam-sur,i and Ydisc-sur,i of the new contacting surfaces are 
recalculated with a constrained condition that the mean value of hparlayer over the 
contact length is constant during the simulation procedure, illustrated in            
Figure 6.9 b). 
(3) The height hi and the local contact force Fn,i at each discrete contact point 
between the particle layer and two new contacting surfaces are calculated. 
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Figure 6.9: Scheme of the disc surface for first time step (red: previous surface, blue: 
worn surface) a) and model for recalculation of two new contacting surfaces with 
hparlayer = const in each time step b) 
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(4) Calculate the local wear, wearsam-sur,i and weardisc-sur,i, for both the sample and 
the disc. 
 (5) Determine the coordinate, Ysam-wear,i and Ydisc-wear,i, of worn contacting 
surfaces. 
 (6) Store the information of the wear calculation during each time step such as 
wearsam-sur,i, weardisc-sur,i, Ysam-wear,i, Ydisc-wear,i, FnL,i and FnUL,i. 
Third, the procedure of the processing is repeated until the simulation reaches the 
predefined sliding distance S. The local wear and the local contact force are 
calculated in every time step at each discrete contact point. During the simulation 
routine the wear calculation provides the output parameters for the worn surfaces and 
the decreasing height of the sample.  
With the output parameters of whole simulation procedure, the post-processing 
stage is implemented to analyse significant information of the wear process as 
follows: 
(1) Calculate the mean wear depth Wearsam (SL) of the sample depending on the 
sliding distance SL, given by an expression 
 
    
&'()	C6D = * *&'()	,	45
-.
/0

/0
 
(6.16) 
(2) Calculate the wear intensity WIsam (SL) of the sample. 
(3) Determine the coordinate Ysam-sur,i (SL) of the worn surface depending on the 
sliding distance. 
(4) Calculate the waviness height Wh,sam (SL) of the worn surface. 
(5) Determine the local contact force FnL,i (SL) and FnUL,I (SL). 
6.2 Results of wear simulation 
To carry out the wear simulation of sample and disc, it is necessary to define the 
simulation parameters including the process parameters, geometry of three-body 
tribosystem, mechanical properties of the triboelements, and wear parameters. 
 The three-body wear model is generated by discrete elements which need the 
surface waviness and geometry of the sample and the disc as well as the process 
parameters as input parameters, listed in Table 6.3.  
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Table 6.3:  Determine parameters for the wear simulation 
Description of parameters Range 
1. Process parameters  
- Applied load  Fn = 50 – 200 N 
- Velocity  v =100 – 400 mm/s 
- Sliding distance  SL = 0 – 500 m  
- Simulation step  ∆X = 1 mm  
2. Geometry of the sample and the disc 
 
- Length of the sample   Lsam = 45 mm 
- Height of the sample hsam = 5 mm 
- Width of the sample bsam = 25 mm 
- Circumferential length of the disc   Ldisc = 630 mm 
- Height of the disc hdisc = 5 mm 
- Initial waviness height of the sample   Wh,sam =  1 – 10 µm 
- Initial waviness height of the disc   Wh,disc = 2.5 µm 
- Wave length of the sample and disc  Wx = 1 mm 
3. Material properties 
 
- Sample Steel S235JR (St37); AlMg3 
- Disc Steel S235JR (St37) 
4. Simulation outputs  
- Wear depth (mm)  
- Wear intensity WI [-]  
- Waviness height Wh [µm]  
- Wear process of the sample surface    
- Local contact forces Fn,i  [MPa] 
 
The parameters given in Table 6.3 are selected to match between results of the 
experimental investigation and the simulation. These parameters have been used to 
determine the influential factors to the wear process. While the geometric data are 
known in advance the materials of the sample and disc have to be chosen first. Their 
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mechanical properties are shown in Table 6.4. In this study, steel or aluminium is 
chosen.  
Table 6.4: Mechanical properties for S235JR steel and AlMg3 aluminium 
Material Density ρ 
[g cm-3]
 
Poisson 
ratio ν 
Young’s module 
E [GPa] 
Yield stress 
[MPa] 
Hardness 
HB 
S235JR 
(St37) 7.85 0.26 210 230 50 
AlMg3 2.67 0.33 70 180 100 
Quartz sand γbulk = 1.7 g/cm3 γgain = 2.65 g/cm3 Moh’s hardness of 7 
The wear is often specified by the wear amount describing mass loss, 
dimensional change or volume loss. In general, the wear process is often also 
described by the wear resistance or wear rate or wear coefficient, which is defined by 
the wear amount per sliding distance or time. The wear depth is written by 
  
 
   &'()	J'YRℎ = ∆	
∙      [mm] (6.17) 
where, ∆m is mass loss (g), A is the nominal contact area (mm2) and ρ is the 
density of worn material (g/cm3). The wear depth analysed by experiments, is equal 
to the mean wear depth of the wear process which is calculated by Equation (6.16). 
Furthermore, the wear intensity is used quite commonly to study the wear 
process, as referred in Heinrich (1995) and Fleischer (1980). The wear intensity is 
given by  
  
 
   &Z = ∆	
∙ = [$	$E;\  (6.18) 
where WI is the wear intensity [-],  and SL is the sliding distance (mm). 
Beside wear depth and wear intensity, describing the wear process, it is 
necessary to examine the worn surface. Therefore, the surface waviness represented 
by the waviness height Wh and the wave length Wx is analysed. Because only the 
waviness height Wh changes during the wear process, it is reasonable to investigate 
changes of the peaks and the valleys on the whole waviness of the sample surface, as 
shown in Figure 6.10. 
The length of the surface waviness is divided into 9 sections in which the 
maximal height of peaks and the minimal depth of valleys are found in each section.  
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Figure 6.10: Representative waviness of the sample surface  
Changes of the peak heights and valley heights are characterized by changes of 
the mean value named waviness height, given by a following equation 
&(<]S'^^	ℎ']_ℎR =*maxG&E,H − minG&e,H9
g
/0
 (6.19) 
where Wp,i is the height of highest peak in the ith section, and  Wv,i is the depth of 
deepest valleys in the ith section. The peaks and valleys are subjected to elastic-plastic 
deformation due to the local contact pressure. Therefore, it is interesting to obtain 
sufficient information about the worn surface and the local contact pressure during 
the wear process to interpret the wear behaviour. 
6.2.1 Determination of the wear intensity and the worn surface shape 
Long simulation times are necessary to compare results with experiments 
because experiments are almost performed by a test configuration for the long sliding 
distance. Therefore, each simulation is computed for a total number of time steps 
500000 corresponding to the sliding distance of 500 m.  
Figure 6.11 a) shows the relation between the wear intensity and the sliding 
distance. It can be seen that with increased sliding distance the wear intensity 
increases as well during the first 200 m. This behaviour in the run-in phase can be 
explained by the initial surface roughness and the contact condition which influence 
parameters governing the wear and which causes significant changes of the wear rate 
in this stage. Afterwards, the wear intensity reaches a steady state. The relation of the 
wear depth and the sliding distance is shown in Figure 6.11 b).   
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Figure 6.11: Simulation results of the wear intensity a) and wear depth b) vs. sliding 
distance for the case of Fn = 200 N, v = 300 mm/s and Wh = 2.5 µm 
The dependency of wear on sliding distance is almost linear. Wear changes the 
surface waviness and the local contact pressure in the contact region. Consequently, 
the wear also influences the contact condition between the particle layer and the 
contacting surfaces during the wear process. At the beginning the initial surface 
waviness shows peaks and valleys at the discrete contact points with the predefined 
waviness height, shown in Figure 6.12 a). The worn surface after sliding distance of 
500 m is also displayed in Figure 6.12 a). It is visible that with increasing sliding 
distance the waviness height Wh increases. The waviness height of the surface gets 
higher during the wear process. The wear process of the sample surface over time is 
shown in Figure 6.12 b). The wear depth is calculated by the accumulated values of 
wear which are determined with Eq. (6.16) in each simulation step.  
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Figure 6.12: Simulated worn surface of the sample a) and the wear process of the 
sample surface over time b) for the case of Fn = 200 N, v = 300 mm/s and Wh = 2.5 µm 
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Figure 6.13: Simulation of dependence of the waviness height on the sliding distance 
During experiments it can always be observed that wear causes changes of the 
sample geometry and surface roughness, which depends on the initial roughness. 
Therefore, the initial surface roughness is a significant parameter that influences the 
wear process, especially in the run-in phase. It is possible to simulate the surface 
roughness in larger scale, the surface waviness is selected to analyse. Changes of the 
surface waviness depending on the sliding distance reveals in Figure 6.13.  
The simulation result shows that with increasing sliding distance the waviness 
height increases as well. However, the experimental results showed that the surface 
roughness reaches a constant value when the sliding distance increases. 
6.2.2 Determination of local contact force 
At all discrete contact points of the contacting surfaces, different local contact 
forces exist. The local contact force distribution is displayed in Figure 6.14. 
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Figure 6.14: The contact force distribution in the contact region for loading process 
a) and for unloading process b)  
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The dependence of the local contact force on the loading-unloading process can 
be seen. The contact force of the loading process is larger than that of the unloading 
process. During the wear process the waviness height increases, so the contact 
pressure distribution changes over time. 
6.2.3 Influence of process parameter 
To examine the influence of process parameters on the wear behaviour, the wear 
simulation of the representative steel sample is implemented with different applied 
loads Fn = 50; 100; 200 N. The geometry of the sample and the disc, the other process 
parameters, the material properties and the initial surface waviness of Wh = 2.5 µm 
has been kept constant. Results of the wear simulation are shown in Figure 6.15.  
The dependency of the wear depth on the sliding distance for different applied 
loads is displayed in Figure 6.15 a). It can be seen that this relation is nearly linear. 
The influence of the applied load on wear is shown clearly. With increasing applied 
load the wear depth increases as well. 
Relation between the wear intensity and the sliding distance for different applied 
loads is shown in Figure 6.15 b). Result of the simulation reveals that with increased 
applied load, the wear intensity increases as well. With increasing sliding distance the 
wear intensity tends to a constant value.  
Change of the waviness height depending on the sliding distance for different 
applied loads is displayed in Figure 6.15 c). It is shown that with increasing sliding 
distance the waviness height increases. Thereby the effect is visible that the waviness 
increases less for applied load than for higher applied load. 
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Figure 6.15: Dependency of wear depth on sliding distance for different applied loads 
a), dependency of wear intensity on sliding distance b) and dependency of waviness 
height on sliding distance c) for the case of Who = 2.5 µm and v = 300 mm/s 
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Figure 6.16: Simulation of surface waviness of the sample before and after the 
sliding distance of 500 m for Fn = 50 N a), for Fn = 100 N b) and for Fn = 200 N c) for 
the case of Who = 2.5 µm and v = 300 mm/s 
The difference between worn surfaces for various applied loads after a sliding 
distance of 500 m is displayed in Figure 6.16. The influence of the applied load on 
the wear depth and on the surface waviness is shown. With increasing applied load 
the waviness height increases, whereas wear increase as well.   
Furthermore, the effect of applied load on the height of the particle layer is 
shown in Figure 6.17. It is visible that with increasing applied load the height of the 
particle layer decreases. This indicates that the behaviour of compressible granular 
material is included in the simulation. 
To investigate the influence of the velocity on the wear behaviour, several wear 
simulations with velocities of v = 100; 300; 400 mm/s are carried out. Thereby, the 
applied load is set to be Fn = 200 N and all other parameters have been kept constant 
too.  
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Figure 6.17: Simulation of height of the particle layer for different applied loads;          
for Fn = 50 N a), for Fn = 100 N b) and for Fn = 200 N c) for the case of Who = 2.5 µm 
and v = 300 mm/s 
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Figure 6.18: Dependency of wear depth on sliding distance a) and  dependency of 
waviness height on sliding distance b) for Fn = 200 N and Who = 2.5 µm 
The dependency of wear depth on sliding distance and various velocities is shown in 
Figure 6.18 a). It displays that no significant dependency can be found. In the wear 
equation, the velocity affects the particle kinematics and thickness of the particle layer. 
However, the influence of the velocity is much smaller than that of the applied load. 
These results show good agreement with results of experimental investigation, as 
presented in Chapter 5. Furthermore, the dependency of the waviness height on the 
sliding distance for various velocities is shown in Figure 6.18 b). Also, here no 
significant influence can be seen.   
6.2.4 Influence of initial waviness of surface profile 
As discussed above, the initial rough surface influences the wear rate, especially in 
the run-in phase of the wear curve. The influence of various waviness of the surface 
profile on the wear behaviour is investigated. Wear simulation for process parameter, 
applied load Fn =200 N and velocity of v = 300 mm/s, are implemented with different 
initial waviness heights of Who = 1 µm; 2.5 µm; 10 µm whereas all other simulation 
parameters has to be kept const. Results of the simulations are shown in Figure 6.19. 
 The dependency of initial wear depth on sliding distance for various waviness 
heights is displayed in Figure 6.19 a). The simulation results show a slight difference. 
Nevertheless, effect of the waviness height on the wear intensity is displayed clearly in 
Figure 6.19 b). In the range of the sliding distance from 0 to 300 m the wear intensity 
decreases for Who = 10 µm otherwise it increases. For longer sliding distance the wear 
intensity is nearly constant. 
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Figure 6.19: Dependency of wear depth on sliding distance a), dependency of wear 
intensity on sliding distance b) and dependency of waviness height on sliding 
distance c) for different waviness heights, Fn = 200 N and v = 300 mm/s 
For longer sliding distance the wear intensity is nearly constant. From the 
simulation results, the influence of initial waviness heights on wear is described as 
follows. With increasing waviness height the local contact pressure at the discrete 
contact points increases as well which causes increases of the wear. The increase of 
the waviness height depending on the sliding distance is shown in Figure 6.19 c).  
The sample surface of initial wear stage and after the sliding distance of 500 m 
for different initial waviness heights is displayed in Figure 6.20. It is visible that the 
waviness height of Who = 10 µm increases stronger than of Who = 1 µm whereas the 
wear depth is quite equal.   
 
 
Figure 6.20: Waviness of worn surface before and after sliding distance of 500 m for 
Who= 1 µm a), Who= 2.5 µm b) and Who= 10 µm c) for Fn = 200 N and v = 300 mm/s 
6.2.5 Influence of material properties 
The influence of material properties on the wear behaviour is investigated with the 
process parameters v = 300 mm/s, initial waviness height of Who = 5 µm and different 
applied loads of Fn = 50; 100; 200 N.  
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Figure 6.21: Comparison of wear depth vs. sliding distance for different applied 
loads a), wear intensity vs. sliding distance b) and waviness height vs. sliding 
distance c) for aluminium and steel; v = 300 mm/s and Who = 5 µm 
The dependency of wear depth on sliding distance and different applied loads for 
aluminium and steel is shown in Figure 6.21 a). The aluminium sample (AlMg3) 
with material properties listed in Table 6.4 is chosen to be compared with simulation 
of the steel sample (St 37).  
It is visible that for both aluminium and steel the wear depth increases when the 
applied load increases. The wear depth of aluminium is much larger than that of steel. 
The influence of material on the wear intensity, as shown in Figure 6.21 b), displays 
that the intensity of aluminium is much greater than that of steel. Furthermore, the 
effect of material on the decreasing waviness height is shown in Figure 6.21 c). The 
increase of the waviness height of aluminium is larger than that of steel. 
6.2.6 Comparison with experiments 
Within this section the results of the wear simulation are compared with 
experimental results. The experiments of three-body abrasion have been conducted 
on the tribometer test-rig, as presented in Chapter 5. The wear depth is compared 
between the simulation and experiments. Two steel samples with the same test 
configuration as Fn = 50 N, 100 N and 200 N, v = 300 mm/s and Ra = 2.5 µm are 
performed with sliding distances corresponding to 25, 50, 100, 200, 300, 400, 500 m.  
Results of experimental investigation compared with the wear simulation are 
displayed in Figure 6.22. It shows a good agreement. 
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Figure 6.22: Comparison of wear depth of simulation with experimental results of 
steel for the case of v = 300 mm/s, Who = 2.5 µm and various applied loads 
Furthermore, results of the experiments with various applied loads for aluminium 
compared with the simulation results are shown in Figure 6.23. It shows a good 
agreement for both velocities v = 100 mm/s and v = 400 mm/s. 
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Figure 6.23: Comparison of simulation with experiments for aluminium with                 
v = 100 mm/s a) and with v = 400 mm/s b) for various applied loads 
6.3 Summary 
A three-body wear model is developed which includes the contact mechanics 
between wavy contacting surfaces and the particle layer, and geometry with a focus 
on numerical eﬃciency. The influences on wear process are kinematics of particle 
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layer, the contact stiffness and the friction characteristic. The influencing parameters 
of model are mostly gained from experiments.    
A new three-body wear equation, derived from the Fleischer’s wear equation, is 
established to calculate local wear of the sample and disc. This equation includes all 
above influences. 
Simulations show the wear depth and the worn surfaces which is represented by 
the waviness height. The local contact conditions on the wavy surfaces are different 
which leads to local wear at the discrete contact points. Therefore, initial surface 
waviness, generated randomly, has been added to the model, which represents the 
stochastic characteristics of technical surfaces. 
The agreement between experimental investigations of the wear behaviour on the 
materials steel and aluminium with simulation results is good. This model allows the 
realistic and numerically eﬃcient calculation of wear in three-body contact.  
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CHAPTER 7 
Conclusions and Recommendations 
7.1 Summary and conclusion 
In many industrial fields, such as mining, machining, and construction, wear 
appears in many technical applications. One of the most interesting fields of tribology 
is abrasive wear in three-body contact. The abrasion causes the mass loss resulting in 
a change of the geometry of contacting surfaces which effects a different contact 
situation during the wear process. These properties often lead to reduced product 
quality as well as shorter lifetime of machine parts. Wear behavior in three-body 
contact is very complex due to the dependency of governing factors causing the wear 
on movement of abrasive particles, compression behaviour of the particle layer, 
friction characteristics, and process parameters etc. 
To describe the wear process based on consideration of the complex contact 
properties and their interaction, the influencing parameters on the wear behavior were 
divided into modules and investigated experimentally. The experimental results of 
each module were analyzed to find out approximation equation that represents their 
dependency on the wear parameters such as normal force, velocity, sliding distance, 
and geometry of contacting surfaces. Afterwards, the complex wear process was 
defined by linking results of experimental investigation of each module in a 
reasonable way with the respective interrelations. 
Furthermore, numerical simulations were performed to analyze the wear process 
of the sample. The wear process is described by a new three-body wear model which 
is developed based on physical effects. In this model, approximation equations 
representing the modules are added together on the wear equation. However, the 
boundary of the model is limited on tested process parameters such as the applied 
load Fn up to 200 N, the velocity v up to 400 mm/s and the abraded materials. 
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Additionally, the limits of model depend strongly on the surface fitting 
approximations which are determined by limited experimental results.  
Based on results of the experimental investigation and simulation results, the 
following statements can be drawn. 
7.1.1 Results of experimental investigation 
Module 1: Investigation of kinematics of abrasive particles 
By a new observation tester, various kinds of movement of multiple abrasive 
particles were examined in detail. Typical movement patterns of particles were 
observed in the contact region such as sliding, rolling, rotating, and sticking. 
Additionally, the combination of a motion like rotating and rolling of particles was 
found and this movement is characterized as moving. Furthermore, sticking particles 
on the rough plate were observed, and collision phenomena between particles were 
shown. Based on results of experimental observation it can be said that the motion 
behaviour of many particles is more complex than the motion of a single particle. 
A new method was proposed to characterize the particle kinematics which was 
defined by the percentage of moving, sliding and sticking particles in three-body 
abrasion. Moreover, the image processing method in Matlab was used to determine 
the movement of abrasive particles based on the calculation of velocity of coloured 
indicator particles.  
Analysis results of particle kinematics showed that with increasing velocity of 
the sample, the moving particles increase whereas the sliding and sticking particles 
decrease. The mean velocity of abrasive particles was determined by approximately 
25 - 55 percentages of the sample velocity. The mean velocity of particles increases if 
the velocity of the sample increases. Experimental results of the mean particle 
velocity were used to estimate the relative velocity of particle layer and the sample in 
the wear equation.  
Module 2: Investigation of global contact stiffness of particle layers 
The compression behaviour of the particle layers was investigated 
experimentally by uniaxial compression test method. The relation of the normal force 
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Fn and the displacement Sn was examined with a wide range of normal force level and 
various thicknesses of the particle layers.  
Results of experimental investigation displayed that the relation Fn(Sn) of 
abrasive particles layer is nonlinear, which depends on the number of loading-
unloading cycles the initial thickness of particle layers. The loading process was 
characterized by increasing normal force whereas the unloading process was 
characterized by decreasing normal force. With increasing normal force, the plastic 
displacement increases at the end of the unloading process. Moreover, the 
displacement Sn of the loading branch is smaller than the unloading branch for the 
same normal force, and Sn of the first compression cycle is larger than that of the 
second, the third and the fourth compression cycle.  
The global contact stiffness Cn of the particle layers was defined by the relation 
Fn(Sn). Based on analysis of experimental results, Cn of the loading branch is higher 
than that of the unloading branch. Further, Cn of the first full cycle is higher than that 
of the second, the third, and the fourth full cycle. 
Dependency of the relation Cn(Fn) on the initial height of the particle layer 
shows that with increasing thickness of the particle layer the contact stiffness 
decreases. 
Module 3: Investigation of friction characteristics 
The experimental investigation of the friction characteristic for steel and 
aluminium was conducted on the tribometer test rig with a wide range of normal 
force up to 200 N, velocity up to 400 mm/s and sliding distance up to 2000 m.  
The dependency of friction coefficient µ on the process parameters shows that 
with increasing velocity the friction coefficient decreases whereas the friction 
coefficient increases if normal force increases. Additionally, the dependency of the 
friction characteristics on the sliding distance displays that in the run-in phase up to 
250 m the friction coefficient decreases and the wear increases. In the steady-state 
phase the coefficient is quite constant, independent from sliding distance. The 
influence of the material properties on the friction characteristics shows that µ of 
aluminium is higher than µ of steel. Moreover, the effect of the surface roughness on 
the friction characteristics reveals that with increasing roughness the friction 
coefficient increases. 
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The thickness of the particle layers in the contact region was examined as well, 
which is represented by a gap between the sample surface and the rotating disc. The 
experimental results display that with increasing velocity, the gap increases whereas 
the gap decreases if normal force increases. Additionally, the gap of steel is higher 
than the gap of aluminium. 
Module 4: Investigation of wear behaviour 
To investigate the wear behaviour for steel and aluminium, experiments were 
also performed on the tribometer test rig with the normal force of Fn = 50, 100, and  
200 N, the velocity of v = 100, 300, and 400 mm/s and sliding distance in the range 
from 25 m to 2000 m.  
Results of experimental investigation show that the wear behaviour depends on 
the wear parameters such as normal force, velocity, sliding distance, and surface 
roughness. The dependency of abrasive wear on the process parameters displays that 
with increasing normal force the wear increases significantly whereas the wear is 
nearly constant if velocity increases. 
Moreover, the dependency of the abrasive wear on the sliding distance shows 
that with increasing sliding distance, the wear depth increases. However, the wear 
intensity increases only in the run-in phase and it is nearly constant in the steady-state 
phase. The effect of initial roughness on the wear displays that with increasing initial 
roughness the wear increases. Furthermore, the influence of the material properties on 
the wear behaviour shows that the wear intensity of aluminium is higher than that of 
steel.  
 The results of experimental investigation are very valuable to understand the 
wear behaviour of three-body tribosystem. Additionally, approximation functions of 
the dependencies is included the wear equation to simulate wear in three-body 
contact.  
7.1.2 Results of wear simulation 
The wear process of the sample has been simulated in two-dimensional with 
predefined wear parameters over the sliding distance up to 500 m. Experimental 
results has been compared to the results of the wear simulation of the sample.   
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A three-body wear model with the numerical efficiency has been build up, which 
includes the contact mechanics between rough contacting surfaces and the particle 
layer, and geometry of tribosystem. Furthermore, the influential factors on wear 
behaviour, e.g. kinematics of particle layer, contact stiffness, friction characteristic, 
and wear coefficient, is described in the wear equation. Additionally, the stochastic 
characteristic of the surface waviness is included in the wear model by generating 
randomly initial surface waviness. The non-linear contact stiffness of the particle 
layers during the wear process is also described in the wear model. Therefore, the 
local wear at the discrete contact points on the rough surface is calculated depending 
on the contact stiffness of the loading or unloading process and the height of the 
particle layer. Furthermore a new three-body wear equation, based on the Fleischer’s 
wear equation, has been developed to calculate local wear of triboelements.  
Results of wear simulations showed the wear depth, the wear intensity, the local 
contact pressure in the contact region, and the worn surfaces. The agreement between 
the results of experimental investigation of the wear behaviour on various materials 
such as steel and aluminium with simulation results are good. This model allows the 
realistic and numerically eﬃcient calculation of wear in three-body contact.  
A conclusion should also pronounce: 
1. What are new ideas 
-   A method of experimental investigation and analyses of image processing 
for study of the movement of multiple abrasive particles in the wear process. 
-  Investigation of nonlinear contact stiffness depending on initial thickness of 
particle layers, loading-unloading process and the number of cycles in three-body 
contact.  
-  Development of a new three-body wear model considering friction 
characteristics and contact stiffness of particle layers. 
-  Using a numerical discrete method to simulate the wear process in three-body 
contact. 
2. What are the most important scientific results 
-  Predominant motion of many particles causing different wear rates of 
materials is not only sliding and rolling, but also a combination of sliding and rolling. 
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-  The nonlinear contact stiffness of particle layers for first cycle is much 
smaller than for next cycles if the initial thickness of particle is not small. The contact 
stiffness of loading process is larger that of unloading process.  
-  The friction coefficient decreases with increasing velocity due to influence of 
the particle movement and thickness of particle layer. 
-  The wear intensity depends strongly on the applied force, but is independent 
of the velocity. Further, with increasing initial surface roughness the wear intensity 
increases in the run-in phase up to about 300 m. For larger sliding distance the wear 
intensity is nearly constant.  
-  The surface waviness can be simulated based on the three-body wear model 
and numerical discrete method.   
3. Till now, the influence of process parameters and initial surface roughness on 
friction characteristics and wear behaviour has not yet been fully understood. The 
experimental results of this work show that these influences are significant and 
important. Therefore, the work is an important step forward to understand the friction 
and wear in three-body contact. 
7.2 Recommendations 
Although, results of the wear simulation are good agreement with experimental 
results, it is necessary to improve the three-body wear model. It is recommended that 
further research should be focused on: 
• non-linear material model, 
• 3-dimensional wear simulation, 
• simulation of surface roughness. 
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Appendixes 
A. Calculation of the mass of abrasive particles 
A1. Calculation of the mass of abrasive particles for the test configuration 
studying kinematics of abrasive particles 
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A2. Calculation of the mass of abrasive particles in the test configuration 
investigating the contact stiffness of particle layers 
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B. Sketch of main parts of test rig 
 
B1. Sketch of main parts of the observation tester 
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B2. Sketch of Spindle tester for uniaxial compression tests  
 
B3. Sketch of main parts of the Spindle tester  
Plexiglass box  
Measuring plate 
Sample
Sphere
Force sensor 
Cylindrical adapter
Abrasive layer
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B4. Sketch of main parts of tribometer test rig  
 
Sample
Sample holder
Plate-ball-plate
Force sensor
Weight
Moving structure
Adjustable wheel
Supporting plate
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C. Table of calculation and measurement results 
C1.  For investigating kinematics of abrasive particles with Rz2 = 60 - 70 µm,     
S1 = 315 - 355 µm and h3layer  
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C2.  For investigating kinematics of abrasive particles with Rz2 = 60 - 70 µm,     
S1 = 315 - 355 µm and h1-2layer  
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C3.  For investigating kinematics of abrasive particles with Rz1 = 25 - 35 µm,     
S1 = 315 - 355 µm and h3layer  
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C4.  For investigating kinematics of abrasive particles with Rz1 = 25 - 35 µm,     
S1 = 315 - 355 µm and h1-2layer  
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C5.  Table of coefficient of friction µ and Gap for short abrading time  
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C6.  Table of wear depth WD and wear intensity WI for steel 
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C6.  Table of wear depth WD and wear intensity WI for Aluminium 
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